DECLARATION OF MITCHELL F. BRIN 

f37C.F.R. section 1.132) 



I Mttctiell F. Brin declare as follows: 

1 . I am a citizen of the Unites States and presently reside In Newport Beach, California. 

2. I am over the age of twenty one, competent to testify in a court of law, and could and 
would testify to the matters set forth below before the United States Patent and 
Trademark Office, if required to do so. 

3. I understand that this declaration will be used to assist prosecution of one or more of 
the following related patent applications: 

(1) United States patent application serial number 10/933,723, including to assist to 
overcome a rejection in the December 15, 2006 office action in serial number 
10/933,723; 

(2) United States patent application serial number 10/443,593, Including to assist to 
overcome a rejection In the November 13, 2006 office action in serial number 10/443, 
593; 

(3) United States patent application serial number 10/726,904, including to assist to 
overcome a rejection in the December 15, 2006 office action In serial number 
10/726,904; 

(4) United States patent application serial number 10/460,898, including to assist to 
overcome a rejection in the November 13, 2006 office action in serial number 

10/460,898, and; 

(5) United States patent application serial number 10/461,829. 

4. I graduated from the University of Pennsylvania in 1975 with a bachelor of arts in 
biology {Magna Cum Laude and Phi Beta Kappa) and I received an M.D. degree from 
the Columbia College of Physicians and Surgeons in 1979. I was a medical Intem at 
the Mount Sinai Hosptiat and School of Medicine from 1979 to 1980. I was a neurology 



resident from 1 980 to 1 983 at the Neurological Institute of the Presbyterial Medical 
Center of New York City and I was a Fellow at the Columbia University Neurological 
Institute from 1983 to 1986, carrying out research on the treatment of movement 
disorders with botulinum toxins. During the period of 1986 through 1994, 1 was an 
Assistant Professor of Clinical Neurology and Assistant Professor of Neurology at the 
Columbia University College of Physicians and Surgeons. At this time, I also served in 
the capacity of the Coordinator of the Dystonia Clinical Research Center. 

5. In 1994, I joined the Mount Sinai Medical Center and School of Medicine as an 
Associate Professor and Director of the Movement Disorders Program where I 
continued my professional activities through 2000. I also served as Director of 
Movement Disorders and held the Bachmann-Strauss Endowed Chair in Neurology. I 
continue as an Adjunct Professor of Neurology at the Mount Sinai School of Medicine 
and became a faculty member at the University of Califomia, Irvine, School of Medicine 
in 2002, as a Clinical Professor of Neurology. 

6. I founded the American Academy of Neurology course on botulinum toxin, and I 
have organized numerous courses and symposia on botulinum toxin, and published 
extensively on the subject of therapeutic use of the botulinum toxins. 

7. I am Founder and Past President of WE MOVE (Worldwide Education and 
Awareness in Movement Disorders) which is an international professional and patient 
educational not-for-profit organization that focuses on movement disorders. I also serve 
on the board of directors of the Bachmann-Strauss Dystonia and Parkinson 
Foundations and have served on the Board of the Exceptional Parent Foundation. I 
serve on the Executive Committee of the United States Pharmacopeial Convention 
(USP) Council of Experts, and I am the Chair of the Neurology, Otolaryngology and 
Ophthalmology Expert Committee of the USP. I am a member of: the American 
Academy of Neurology Section on Movement Disorders and Co-Founder of the 
Dystonia Study Group; the United States Interagency Botulism Research Coordinating 
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Committee, and; the University of California, Irvine, Dean of Biology's Leadership 
Council. 

8. I have served on the editorial and peer-review boards of numerous scientific journals 
and on the steering committee of the World Congress on Disabilities. I am a Fellow of 
the American Academy of Neurology; a recipient of the FDA Commissioner's Special 
Citation for work with neurological movement disorders; and a recipient of the 
Distinguished Service and Honor Award from the American Academy of 
Otolaryngology-Head & Neck Surgery. 

9. I was one of the first investigators to examine the use of botulinum toxin for the 
treatment of medical disorders and I pioneered the use of botulinum toxin for the 
treatment of dystonias, including blepharospasm and other debilitating neurological 
disorders. I have designed and conducted double blind studies examining the use of 
botulinum toxin for numerous conditions and have conducted numerous multicenter 
studies for uses of botulinum toxin. 

10. Over the course of my career, I have received research funding from numerous 
public (e.g., National Institutes of Health, Food and Drug Administration) and private 
sources (e.g., not-for-profit patient Foundations, Industry grants, etc.) to further an 
understanding of medical disease, development of therapeutics, conduct clinical trials, 
and provide education about medical illnesses. Specific to the study of botulinum toxin, 

I have been funded by the Dystonia Medical Research Foundation, National Institutes of 
Health, Food and Drug Administration, Bachmann-Strauss Foundation, Allergan Inc., 
Athena Neurosciences, and Ipsen Pharmaceuticals. Specifically with regard to Allergan 
Inc., beginning in about 1990 I received several unrestricted medical grants to study 
various therapeutic uses of Botox® (Botulinum toxin type A purified neurotoxin 
complex). Additionally, between 1997 and 2000 I attended a number of Botox® 
advisory board and technology update meetings sponsored by Allergan and signed 
confidential disclosure agreements so that I could participate in these meetings. 
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1 1 . Since about 1984 (including during 1 993) I have diagnosed and treated many 
patients with botulinum toxin to treat a variety of disorders and conditions including 
hyperhydrosis, cervical dystonia (spasmodic torticollis), tardive dyskinesia, essential 
tremor, spasmodic dysphonia, smooth muscle spasm, temporal mandibular disorder, 
muscle spasm pain (including smooth muscle spasm pain), spasticity, swallowing 
disorders, and headache, including migraine headache and tension headache. I have 
administered different serotypes of botulinum toxin to patients. 

12. A partial list of my publications is attached to this declaration as Attachment 1 . 
These publications include Jankovic J, and Brin M., Therapeutic Uses of Botulinum 
Toxin, New Eng J. Med, 1186-1194;1991 , which is cited on page 2 of each of the five 
pending patent applications cited in paragraph 3 above. 

13. By training and experience I am an expert in the therapeutic use of the botulinum 
toxins. 

14. I have been an employee of Allergan, Inc. of Irvine, California ("Allergan") since 
January 2001 . My current position with Allergan Is Senior Vice President, Development 
and Therapeutic Area Head, Botox® and Neurology. In this position I oversee the 
Botox® development portfolio, and direct clinical programs for uses of botulinum toxin. 
Aliergan is the assignee of the patent applications cited in paragraph 3 above, as well 
as of their common parent application, U.S. application serial number 08/173,996, which 
has a filing date of December 28, 1993 and which is referred to hereafter as "the '996 
application". 

15. I have read the '996 application and in my opinion a physician of ordinary ability 
with knowledge of or experience using a botulinum toxin (the "Physician") would in 
December 1993 have very clearly realized upon reading the '996 application that the 
'996 patent application describes methods for treating at least hyperhydrosis, cervical 
dystonia, tardive dyskinesia, essential tremor, spasmodic dysphonia, smooth muscle 
spasm, temporal mandibular disorder, muscle spasm pain, including smooth muscle 
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spasm pain, spasticity, swallowing disorders, and headache (the Disorders") by 
administration of just the neurotoxic component of a botullnum toxin complex to a 
patient with one or more of the Disorders. 

16. I base my opinion in paragraph 15 above on the following facts: 

(1 ) page 3, lines 5-24 of the '996 application discloses that: 

(a) there is a neurotoxic component of a botulinum toxin; 

(b) the neurotoxic component has a molecular weight of about 150 kD; 

(c) the 150 kD neurotoxic component can be in the form of a dichain, that Is 
comprising a 50 kD short chain and a 100 kD long chain, and; 

(d) the neurotoxic component Is responsible for the toxic properties of a botullnum 
toxin. 

(2) the matters set forth in paragraph 16(1) (a) to (d) above were also facts already 
established in the literature and therefore known to the Physician. See for example 
page 6 of Simpson L,, Current Concepts of the Mechanism of Action of Clostridial 
Neurotoxins, in DasGupta B., Botulinum and Tetanus Neurotoxins . Plenum Press, New 
York (1993) (attached as Attachment 2), and; page 82 of Schantz E., et al., Properties 
and use of botulinum toxin and other micmbial neurotoxins in medicine, Microbiol Rev 

1 992 Mar;56(1):80-99 (attached as Attachment 3). 

(3) significantly, page 3, lines 5-24 of the '996 application discloses that use of the 
neurotoxic component (in either it's single or dichain forms) is "useful In the method of 
the present invention" thereby directly and immediately telling the Physician that the 
neurotoxic component can be used to treat the Disorders. 

(4) on page 5, at lines 16-21 of the specification it is disclosed that a botulinum toxin is a 
zinc endopeptidase. The Physician would readily understand this to mean that it is the 
neurotoxic component of a botulinum toxin that is the zinc endopeptidase, and this is 
taught by the literature as well. See for example Schlavo G., et al., Botulinum 
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Neurotoxins are Zinc Proteins, J Biol Chem 1992 Nov; 267(33): 23479-83 (attached as 
Attachment 4). 

1 7. It is also my opinion that the Physician upon reading the '996 application in 
December 1993 would have been able with little or no difficulty to obtain the neurotoxic 
component of a botulinum toxin so as to be able to use the neurotoxic component to 
treat a patient with one or more of the Disorders. 

18. 1 base my opinion in paragraph 17 above on the following facts: 

(a) the '996 application states on page 4, lines 9-12 that a botulinum toxin can be 
purified in accordance with known techniques. It was known to the Physician in 1993 
that the neurotoxic component of a botulinum toxin could be obtained by running a 
botulinum toxin complex through a protein separation resin (such as a Sephadex gel) in 
an alkaline pH buffer. See for example Wagman J. et al., Botuiinum Type A toxin- 
properties of a toxic dissociation product, Arch Biochem Biophys 1953; 45: 375-383 
(attached as Attachment 5); DasGupta B., et al., Separation of toxin and Hen^}aggiutinin 
from crystalline toxin of Clostridium botulinum type A by anion exchange 
ctiromatography and detemiination of their dimensions by gel filtration, J Biol Chem 
1968 Mar 10; 243(5): 1065-72 (attached as Attachment 6); Schantz E., Use of 
crystalline type A botulinum toxin in medical research, being pages 143-150 of in Lewis 
G., Biomedical aspects of botulism . Academic Press, New York (1981, page 143 
(attached as Attachment 7); Borodic, G., et al., Clinical and scientific aspects of 
botulinum A toxin, Ophthalm Clinics of N America 1991 Sep; 4(3): 491-503 (attached as 
Attachment 8), and; Schantz (1992) (Attachment 3). Thus, it was well known to the 
Physician, as indicated by the '996 application, that the neurotoxic component could be 
purified from a botulinum toxin complex 

(b) additionally, it was known to the Physician that the neurotoxic component of a 
botulinum toxin was available for purchase simply by ordering it from a commercial 
supplier, such as Sigma. 
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(c) the '996 application gives particulars as to how a physician can administer the 
neurotoxic component on pages 7-8 of the specification (in the Detailed Description ^ 
section of the specification) and the Physician would be aware of techniques for 
administration of the neurotoxic component, such as by intramuscular or subcutaneous 
administration. _ 

1 9. To reiterate, it is my opinion that the Physician after reading the '996 application 
would have very clearly realized that the '966 application sets forth methods for treating 
a patient afflicted with one or more of the Disorders using the neurotoxic component of 
a botulinum toxin, and that the Physician would have been able to easily proceed to 
treat a patient suffering from a Disorder with the neurotoxic component of a botulinum 
toxin based on the disclosure and guidance provided in the '996 application. 

20. I depjare that all statements made herein of my own knowledge are true and that all 
statements made on information and. belief, are believed to be true; and further that 
these statements were made with the i<novyledge that willful false statements and the 
like so made are punishable by fine or imprisonment or both, under Section 1001 of 
Title 18 of the United States Code and that such willful false statements may jeopardize 
the validity and/or enforceability of the instant patent application or any patent issuing 
thereon. 

Executed thls<S_ day of March 2007 in Irvine, California. 




Mitchell F. Brin 
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MitcheU F. Brin, M.D 
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INTRODUCTION 

The purpose of this chapter is to provide a brief review of the literature on bcttulinum 
neurotoxin and tetanus toxin. This review will emphasize studies that pertain to cellular and 
subcellular actions of the toxins on mammalian preparations, and it will deal exclusively with 
issues that relate to blockade of exocytosis. 

Botulinum neurotoxin and tetanus toxin act on nerve endings and other secretory cells to 
inhibit spontaneous and evoked mediator release. '"^ The two toxins arc thought to act in a 
somewhat similarmanneT, with the exception of intracellular trafficking. During the course of 
natural poisoning, botuUnum neurotoxin binds preferentially to motor nerve endings. It is 
internalized by the process of leceptor-mediated endocytosis, and it escapes endosomes by an 
acidification process. The toxin then acts locally at motor nerve endings to block acetylcholine 
release, and thisproducesflaccidparalysis. The schemeof events with tetanus toxin is somewhat 
different. This toxin also binds to motor nerves, and it too is intemalized by receptor-mediated 
endocytosis, but it does not act locally. Tetanus toxin is carried by reuograde axonal transport 
to the central nervous system, where it exits the primary neuron, crosses the synaptic space, and 
preferentially binds to inhibitory nerve endings. At this point the mechanism of action of tetanus 
toxin is thought to be similar to that of botulinum neurotoxin. Tetanus toxin is endocytosed and 
released into the cytosol by an acidification mechanism. By virtue of blocking the release of 
inhibitory transmitters, itproduces disinhibition of excitatory activity . This is believed to be the 
underlying basis for toxin-induced spastic paralysis. 

In addition to its well-known ability to evoke spastic paralysis, tetanus toxin can also 
produce flaccidparalysis.^ When large amounts of toxin are administered to laboratory animals, 
or when high concentrations are added to isolated neuromuscular preparations, some fraction 
of the toxin escapes retrograde axonal transport and acts locally at nerve endings to block 
exocytosis. In this case, the general features of botulinum neurotoxin poisoning and tetanus 
toxin poisoning are essentially the same. 



Bolulatum and TtUaua Neurouxins, Edited by 
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ORIGIN AND STRUCTURE 

Botulinum neurotoxin is produced mainly by Clostridium botuiinum, but it is also made 
by Clostridium baratii and Clostridium butyricim. Clostridium botuiinum synthesizes seven 
serotypes of toxin designated A, B , C, D, E, F and G; Clostridium baratii synthesizes a single 
serotype that is similar to type F, aiid Clostridium butyricum synthesizes a single serotype 
similar to type E. At the moment, Clostridium tetani is theonly organismknown to make tetanus 
toxin. 

Regardless of origin, the synthesis and processing of botuiinum neurotoxin and tetanus 
toxin are identical. Each neurotoxin is synthesized as a single chain polypeptide with a 
molecular weight of approximately 150,000. In the immediate post-translational stage the 
neurotoxins have diminished biological activity. Wlien exposed to proteases, the single chain 
toxins are nicked to yield dichain molecules in which a light chain (Mr -50,000) is linked by 
a disulfide bond to a heavy chain (Mr -100,000). This represents the biologically active fonn 
of the toxin. 

The relationship between nicking and activation has been studied in some detail. The 
results indicate that nicking is essential but not sufficient for ftill activation to occur. Several 
other possiblesitesforproteolyticcleavagehave been considered.includingtheaminotcnninus 
of the light chain and the ai-ninotenninus of the heavy chain, but these appear not to be related 
to activation. On the other hand, Gimenez, and DasGupta'' have obtained evidence that suggests 
that activation includes proteolytic cleavage at the carboxytenninus of the heavy chain. 

Most of the clostridial neurotoxins have been sequenced, begiruiing with tetanus toxin*-'' 
and botuiinum neurotoxin type A."'^ The data indicate that there is significant sequence 
homology among the various botuiinum neurotoxins, and furthermore the bomlinum neurotox- 
ins show sequence homology with tetanus toxm. A comparison of botuiinum neurotoxin type 
A and tetanus toxin helps to illustrate the point. An overall comparison shows that there is 30- 
40% identity between the toxins, and when conservative changes are taken into account the 
identity rises to 40-50%. The greatest amount of similarity exists in the aminotenninal regions 
of the heavy chains, which may be the domains that promote intcmalization (see below). 

The work on the primary structures has confirmed a belief that arose from 
ncurophaimacologic research. The various botuiinum neurotoxins and tetanus toxin are all 
descendants of the same ancestral parent. The primary structure work also confintis certain 
findings in immunology. Monoclonal antibodies have been found that recognize epitopes in 
several clostridial neurotoxins. ^ The commonality of epitopes is an indicator of commonality 
of stracture. 

There is much work that remains to be done on the structure of the toxins, and then to relate 
structure to function, but at least an elementary scheme has already evolved." It appears that 
the heavy chain, and more precisely the carboxyterminus of the heavy chain, plays an important 
role in tissue targeting the toxin. The aminotcnninus of the heavy chain appears to be essential 
for the internalization process. The light chain acts inside mammalian cells to block exocytosis , 
and therefore this portion of the molecule contains the domain that poisons transmission. There 
is aprevailing belief that the light chain is an enzyme (viz., protease), but the substrate remains 
unknown. 



BIOLOGICAL ACTIVITY 



As an antecedent to discussing the mechanism of action of the toxins, it will be usefiil to 
introduce the concepts of universal antagonists and differential antagonists. A universal 
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antagonist will be defined as a dmg or procedure that delays the actions of all serotypes of 
botulinum neurotoxin and tetanus toxin. A differential antagonist will be defined as a drug or 
procedure that substantially inhibits the actions of one or several clostridial neurotoxins, but it 
is not capable of antagonizing all toxins. 

The value of universal antagonists is that they help to clarify events that are common to 
all toxins, suchas binding, internalization and escape from cndosomes . By contrast, differential 
antagonists help to reveal unique characteristics of individual toxins. ^ 

Universal Antagonists 

1. Binding, nie receptors for botulinum neurotoxin and tetanus toxin have not been 
isolated and ctiaracterized (but see the promising work reported by Schiavo et al.'*). However, 
work from a variety of laboratories on the binding of iodinated toxins to membrane preparations 
has revealed one interesting point. The various clostridial neurotoxins do not share the same 
receptor. Each serotype of botulinum neurotoxin appears to have its own receptor, as does 
tetanus toxin. 

In spite of the aiq>aient differences in receptors, there is one characteristic they may have 
in common. Each receiMor may ccmtain a sialic acid residue, or be closely associated with a 
membrane determinant that has sialic acid residues. Thisbdief stems from earlier work showing 
that certain classes of gangliosides can causeless of biological activity of tetanus toxin"-" and 
botulinum neurotoxin." "' This work showed that clostridial neurotoxins had affinity for 
complex gangliosides, and sialic acid residues were important to the toxin-ganglioside 
interaction. Free sialic acid was relatively ineffective in producing loss of toxicity. 

A more recent and somewhat different line of research tends to support the proposed 
involvement of sialic acid residues. A large number of lectins with affinity for different sugars 
were tested as potential antagonists of botulinum neurotoxin and tetanus toxin.^° Two types of 
assays were done. In the first, individual lectins were tested for their ability to antagonize the 
binding of iodinated toxin to rat brain membrane preparations. In the second, these same lectins 
were tested for their abilities to antagonize the neuromuscular blocking properties of toxin. 

Of the various lectins that were tested, two showed promising levels of activity. Triticum 
vulgaris lectin mALimaxflavus lectin both antagonized the binding of toxins to membranes and 
the activity of toxins on isolated tissues. The lectin from Triticum vulgaris has affinity for N- 
acetyl-p-glucosamine andN-acetyl-a-sialic acid, but the lectin fromLimaxflavushas affinity 
only for N-acetyl-a-sialic acid. The possible involvement of N-acetyl-P-glucosamine as a 
component of the receptor was ruled out by testing a lectin with affinity for this sugar (Datura 
stramonium). 

There were three majorpoints that emerged from the lectin worfc.^ First, these compounds 
were universal antagonists of clostridial neurotoxins. They blocked the activity of aU serotypes 
of botulinumneurotoxin and tetanus toxin in both assays. Second, the lectins were very effective 
in diminishing the binding of toxins to brain membrane preparations. When tested at adequately 
high concentrations (e.g., 3 x 10^^* to 10^ M), they virtually abolished binding. And third, the 
lectins were very active in diminishing ifae neuromuscular blockingproperties of the toxins. For 
example, at k concentration of 3 x lO"' M, the lectin from Triticum vulgaris diminished the 
apparent potency of botulinum neurotoxin type B by nearly two orders of magnitude. 

Findings such as these tend to implicate sialic acid residues in die binding of clostridial 
toxins to nerve membranes. However, they do not clarify the nature of the involvement, A 
conventional interpretation of the data might be that the receptor is a sialoglycoprotein. Hence, 
preincubation of membranes with lectins that have affinity for sialic acid could lead to occlusion 
of the receptor and blockade of toxin binding. A more intriguing interpretation has been 
advanced by Montecucco.^' He has proposed that binding may represent a sequence of two 
events . There could be an initial binding step that involves a charged lq>id, such as a ganglioside. 
This relatively low affinity binding would promote association between toxin and the plasma 
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membrane. This would facilitate the subsequent high affinity binding of toxin to its auttientic 
receptor. This is a provocative idea that deserves serious consideration. In the meantime, it 
should be noted that lectins with affinity for sialic acid could also act as antagonists in the 
sequential binding model. 

2. Internalization 

A. Plasma Membrane. Productive internalization of clostridial neurotoxins involves 
a sequence of events that can be summarized as follows. ' ^ Toxin molecules bind to membranes 
of vulnerable cells, after which they are internalized by the process of receptor-mediated 
endocytosis. This allows toxin to cross the plasma membrane while being retained within an 
endosome. Passage through the endosome membrane is thought to be initiated by the endosome 
itself. The membrane possesses a proton pump that progressively lowers pH within the 
organelle. The toxin molecule possesses a "pH sensor", and when endosomal pH falls to a 
critical level the sensor triggers a confomiational change that exposes a hydrophobic domain 
that inserts into the endosome membrane. Insertion is the key event in toxin passage across the 
membrane, although it is not yet known how passage occurs. 

The initial work to implicate a membrane penetration step was done on the neuromuscular 
junction. A series of studies with polyclonal antibody showed that surface-bound toxin 
disappeared from accessibility to extracellulai' antibody and that this occurred before onset of 
piu-alysis.'-^^ These results suggested that toxin had to be internalized. Subsequent work 
demonstrated that several drugs known to block receptor-mediated endocytosis were toxin 
antagonists. The first agent to be tested was cWoroquine and its analogs," and this was foUo wed 
by work with ammonium chloride and mcthylaminehydrochloridc.^The results indicated that 
all three drugs antagonized botulinum neurotoxin, whereas ammonium chloride and methyl- 
amine hydrochloride but not chloroquine antagonized tetanus toxin. This work, in combination 
with the polyclonal antibody studies, was taken as evidence that clostridial toxins were 
internalized by receptor-mediated endocytosis. 

Tlie phamtacological work on internalization was nicely complemented by the morpho- 
logical work of Black and Dolly who iodinated botulinum neurotoxin and used it to do 
electronmicroscopic autoradiography at the neuromuscular junction. They were able to show 
that botulinum neurotoxin binds to the plasma membrane, and membrane-bound toxin could 
subsequently be localized in endoscmes. Movement of toxin across plasma membranes and into 
eiidosomes was energy-dependent and accelerated by nerve stimulation. Ammonium chloride, 
methylamine hydrochloride and chloroquine altered uptake and/or distribution of toxin. In sum, 
the morphological data were very supportive of the earlier phannacological data. 

B. Endosome Membrane. The current belief is that clostridial neurotoxins possess a 
pH sensor that induces conformational changes that lead to exposure of a hydrophobic domain. 
This in turn causes the toxins to insert into the endosomal membrane and eventually penetrate 
it. Several lines of research support this model. 

A representative study is the one conducted by Hoch et al.^' on pH-induced channels m 
pianar lipid bUayers. These workers added botulinum neurotoxin to one side of an artificial 
membrane, then altered pH on the cis or trans side of the membrane. They observed relatively 
few channels with an iso-pH of 7.0 or 4.0, but they saw rapid appearance of channels when pH 
on the cis-side was lowered to approximately 5.5 or below and pH on die tians-side was 
maintained at 7.0. Stmcturc-function analyses revealed that the heavy chain was responsible for 
channel formation. ,0 ^ ^. ,30 

Subsequent work by Donovan and Middlebrook,^ Blaustem et al.,'''' and Shone et al. 
confirmed that botulinum neurotoxin formed pH-dependent channels in lipid bilayers. Donovan 
and Middlebrook^' demonstrated that toxin-induced channels inserted permanently into the 
membrane and fluctuated between open and closed states. Blaustein et al.^' and Shone et al.- 
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extended the structure-function analyses by localizing channel activity to the aimnoterminal 
half of the heavy chain. 

Biochemical techniques have also been used to demonstrate that pH can cause botulinum 
neurotoxin and its respective chains to partition into a lipid environment. Montecucco et al . ^' 
used photoreactive reagents to monitor toxin insertion into the core of a lipid bUayer. They found 
that acidpH caused both the heavy and light chains to insert and be labelled. This prompted them 
to suggest that it was not necessary to view the heavy chain as an agent for promoting passage* 
of a hydrophUic light chain into the cytosol. Instead, the two chains could act cooperatively to 
achieve translocation. 

Kamataet al.,^^ who used a fluorescent reporter group, obtained data that support the notion 
of cooperativity between the two chains. Their' work showed that low pH induced striking 
conformaticHial changes in the intact toxin leading to exposure of hydrophobic domains. The 
same result was obtained when the heavy and light chains were examined independently. 

There is a closely related body of research that pertains to tetanus toxin insertion into 
membranes. Indeed, investigation of tetanus toxin began before the corresponding studies with 
botulinum neurotoxin. Boquet and Dufiot^ prepared asolectin vesicles loaded with potassium, 
and they showed that at low pH tetanus toxin inserted into the membrane and created apore that 
caused release of cation. Borochov-Neori et al.,^^ Gambale and Montal,^^ Menestrina et al.^^ 
and Rauch et al.'* have used electrophysiologic techniques to show that tetanus toxin forms 
channels in membranes. 

There is evidence that pH-induced changes in tetanus toxin lead to exposure of a 
hydrophobic domain. This was demonstrated by measuring pH] -TritonX-1 00 association with 
toxin,^' photoactivatable phospholipid association with toxin,''*' and fluorescent reporter group 
association with toxin.'^ Each study has demonstrated that the hydrophobic domain is in the 
aminoterminal half of the heavy chain and the light chain. In a related study, Cabiaux and her 
colleagues have shown that low pH causes tetanus toxin to induce fusion of lipid vesicles.*" 

To summarize, there is a consensus among workers that clostridial neurotoxins must enter 
target cells to produce blockade of exocytosis. Crossing of the plasma membrane is probably 
due to receptor-mediated endocytosis. Crossing of the endosome membrane is due to a 
mechanism that is triggered by a fall in pH. 

The putative role of an acid-triggered mechanism has led to the discovery of another 
universal antagonist, a compound known as bafilomycin. This compound is microbial in origin, 
and it possesses the property of inhibiting membrane ATPasc. Interestingly, bafilomycin acts 
preferentially on vacuolar ATPase rather thanplasma membrane ATPase. Therefore, bafilomycin 
can be used to inhibit the ATPase-dependent proton pump in endosomal membranes without 
inhibiting ATPase-dependent ion pumps in plasma membranes. 

Recem studies (Simpson, in preparation) have shown that bafilomycin is an antagonist of 
all serotypes of botulinum neurotoxin and tetanus toxin. The drug did not inhibit toxin binding 
nor did it alter intracellular expression of toxicity. Bafilomycin appeared to inhibit the process 
of productive internalization. This is in keeping with the action of a drug that inhibits 
acidification of endosomes. 

Differential AntagODisfs 

There are two known groups of differential antagonists, one of which was ftilly predictable . 
and the other of which emerged quite unexpectedly. Neutralizing antibodies are an example of 
the fornier and drugs that promote acetylcholine release, such as the aminopyridines, are an 
example of the latter. 

1. Antibodies. Although antibodies have been identified that cross-react with more than 
one clostridial neurotoxin (see above), no antibody has been found that neutralizes all 
neurotoxins. Both die linear and conformational characteristics of the active domains widiin 
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each serotype are sufficiently unique to preclude the generation of antibodies that btad to active 
sites in multiple serotypes. Because of this, antibodies have enjoyed little utility as research tools 
for probing the common stractural propeities of clostridial neurotoxins. 

In spite of the limited value of antibodies in defining common stractural elements, they 
may be helpful in clarifying the sequence of events in poisoning. A study with monoclonal 
antibodies against botulitium neurotoxin type E helps to illustrate the point .''^ A family of 
monoclonal antibodies was isolated, and from this family it was possible to identify three that 
possessed special utility . Each of the antibodies diminished thepotency of native toxin, and each 
interacted with a different domain in the toxin (i.e., the light chain, the aminoferminus of the 
heavy chain or the carboxy terminus of the heavy chain). Additionally, each of the antibodies 
recognized a conformational rather than a linear epitope, and it was this property that allowed 
them to be used as research tools. 

Neuromuscular preparations were incubated with toxin under conditions that allowed 
binding but prevented internalization. These tissues were then exposed to one or more of the 
monoclonal antibodies. The results showed that monoclonal antibodies were almost as effective 
in diminishing the potency of bound toxin as they were in diminishing the potency of free toxin. 
An outcome like this reveals two interesting things about toxin binding to neuronal membranes. 
First, binding does not cause any of the three domains in the toxin to disappear completely from 
the cell surface. At least that portion of eachdomain that possessed the relevant epitope was still 
exposed. Second, binding may not be associated with major changes in the conformation of the 
toxin molecule. Each of the antibodies was directed against a conformational epitope, and each 
had substantial activity against free toxin and bound toxin. At a minimum, this means that the 
respective epitopes did not undergo major changes during binding. 

A larger family of antibodies that recognize all epitopes in the toxin molecule would allow 
one to determine whether any part of the toxin undergoes confomiational changes during 
binding. In the meantime, the data mdicate that binding may be very different from mtemal- 
ization. As explained above, pH-induced internalization is associated with marked changes in 
conformation. 

2. Aminopyridines. Dmgs such as 4-aminopyridine and 3,4-diaminopyridmc block 
voltage-dependent potassium channels in nerve endings. By virtue of delaying the process of 
repolarization, these drugs promote influx of calcium and secondarUy increase efflux of 
acetylcholine. 

The ability of these drugs to enhance stimulus-evoked release of acetylcholine led to their 
evaluation as possible antagonists of botulinum neurotoxin. The initial results with serotype A 
appeared rather favorable. The drugs slowed the rate of onset of toxin-induced paralysis of 
isolated neuromuscular preparations, and they even reversed - at least temporarUy - the 
development of mild paralysis. However, the results with other serotypes were less promising. 
Aminopyridines provided little or no protection against most serotypes of botulinum neurotoxin 
and tetanus toxin. 

When the actions of the aminopyridines were studied at the electrophysiological level, die 
differences between and among serotypes became more obvious. The disparity between 
responses to type A, on the one hand, and responses to type B and tetanus toxin were especially 
clcar.*'^' Neuromuscular preparations poisoned with serotype A had a very low rate of 
spontaneous miniahire endplate potentials, and the probability of evoking an endplate potential 
was also low. However, the addition of aminopyridines substantiaUy increased the likelihood 
of evoking an endplate response. By contrast, neuromuscular preparations poisoned with 
botulinum neurotoxin type B or tetanus toxin showed a different result. Following addition of 
aminopyridines, only rarely was there an evoked endplate potential. 

Closer examination of poisoned tissues appeared to reveal a reason for the disparate 
responses. In the case of serotype A, the combination of nerve stimulation and aminopyridines 
resulted in synchronous release of quanta, and thus the increased likelihood of observing an 
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endplate response. In the case of serotype B and tetanus toxin, the release of quanta was 
desynchronized and therefore quanta could not summate to evoke a response. 

One especially interesting finding arose from dual poisoning experiments.^ Tissues 
exposed initially to serotype A displayed synchronous release, but when they were subsequendy 
exposed to serotype B or tetanus toxin the release became desynchronized. When toxins were 
added in the reverse order,release was always desynchronized. These data with aminopyridines, 
as well as other drugs, toxins and physical procedures, led to the hypothesis that there could be 
two sites of clostridial neurotoxin action.'** Botulinum neiurotoxin type A was postulated to act 
at a site somewhat remote from the membrane, whereas serotype B and tetanus toxin actedcloscr 
to the membrane, and hence closer to die site of exocytosis. 



INTRACELLULAR ACTIONS 

There is compeUing evidence to show that clostridial neurotoxins act in the cell interior 
to block exocytosis. Over the period of approximately a decade there has been a progression of 
research to demonstrate this point. The work began widi pharmacologic experiments involving 
the use of antibody escape and the use of drags known to antagonize endocytosis.^^'^''^* This 
was followed by studies on electrorunicroscopic localization of toxin at various stages during 
poisoning.^'^* Next, it was shown that direct intracellular injection of toxin blocked exocyto- 
sis.*' This prompted experiments in which toxin, or polypeptides derived from toxin, were 
introduced into cells by permeabilization techniques.**"^ 'Most recently, it has been shown that 
intracellular injection of mRNA that encodes toxin leads to expression of toxin and blockade 
of transmitter release.'^ 

In addition to demonstrating that clostridial toxins act in the cell interior, this work has 
highlighted an anomaly for which there is currently no explanation. When tested in mammalian 
preparations, the light chains of clostridial neurotoxins are both necessary and sufficient to block 
exocytosis. By contrast, when tested in Aplysia, the light chains are necessary but not 
sufficient.*^ There is a domain in the heavy chain that is needed in addition to the light chain 
to produce poisoning of transmitter release. There are other structure-function differences 
between toxin action on mammalian preparations and Aplysia, and these differences have yet 
to be explained. 



Messenger Systems 

The fiict that the toxins act inside nerve temiinals has encooraged investigators to search 
for possible targets. TiKie has been a tendency to divide these possible targets into four broad 
categories: i) messenger systems, il) the cytoskdeton, iii) vesicles, and iv) the plasma 
membrane. Relatively little work has been done widi the specific intent of evaluating vesicles 
or membranes as sites of toxin action. However, there is an emerging literature on messenger 
systems and cytoskdeton. 

Several laboratories have evaluated the possibility that clostridial neurotoxins modify 
messenger systems diat govern transmitter release. This effort has been largely negative, but 
one possible exception is the work on protein kinase C. 

Considine and his colleagues have demonstrated that agonist-induced changes in protein 
kinase C activity in NG-108 cells are inhibited by tetanus toxin. This has been shown bodi for 
an artificial agonist (e.g., phorbol ester''') and for a natural agonist (e.g., neurotensin'^). This 
work raises the possibility that protein kinase C may be a target for clostridial neurotoxins. This 
possibility was tested by determining the effects of known inhibitors of protein kinase C on 
transmitter rdease at the mammalian neuromuscular junction (Considine, Sberwin and 
Simpson, in preparation). Two inhibitors of the catalytic domain (H7, staurosporine) and two 
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inhibitors of the regulatory domain (calphostin, sphingosine) were added individually to 
phrenic nerve-hemidi^hragm preparations at concentrations that virtually abolished protein 
kinase C activity in neuronal cell cultures (e.g., NG-108). Interestingly, the tissues continued 
to respond for several hours even under conditions in which the enzyme was substantially or 
completely inhibited. Furthermore, pretreatment of tissues with inhibitors of protein kinase did 
not predispose them to the poisoning effects of clostridial neurotoxins. 

The results with protein kinase C inhibitors give rise to three conclusions . First, the enzyme 
is not required to sustain short-term neuromuscular transmission. Second, protein kinase C 
cannot be the target for clostridial toxins. And third, protein kinase C cannot be the target for 
any toxin that acts rapidly to block neuromuscular transmission. 

Cytoskeleton 

A number of hypotheses have been advanced that implicate the cytoskeleton, and 
especially the actin-based cytoskeleton, in the process of transmitter release. One of the more 
thoroughly studied of these models is one that pertains to mediator release from adrenal 
chromaffin cells. According to this model, it is envisioned that storage granules arc held in place 
by a lattice- work of actin filaments. When an agonist acts on the cell to trigger mediatorrelease, 
one of its effects is to stimulate disaggregation of actin lattices. Hiis releases storage granules 
that can then move toward the plasma membrane and discharge their contents. 

It is unclear whether a similar model applies to cholmergic nerve endings. However, if the 
cytoskeleton does play a role in exocytosis, it might conceivably be the target for clostridial 
neurotoxins. Therefore, a series of smdies have been undertaken to evaluate the possible role 
of actin and related molecules in ceU poisoning. Chie line of research has focused on actin and 
the cholinergic neuromuscular junction** (Considine and Simpson, unpublished findings); a 
second line of research has concentrated on microtubules and central nervous system synapto- 
somes.*^ 

The role of actin in exocytosis and toxin action has been evaluated by using the botulinum 
binary toxin as a research tool." TTiis toxin is composed of two separate and independent 
polypeptide chains (Mr -45,000 and 100,000), both of which are necessary to produce ceU 
poisoning. The heavy chain is a tissue targeting domain that binds to receptors on vulnerable 
cells . The heavy and light chains of the binary toxin have no af fmity for one another in solution, 
but when the heavy chain associates with membranes of vulnerable cells it creates a docking 
site for the light chain. The heavy and light chains are then internalized by the process of 
receptor-mediated endocytosis.'' 

The light chain of the bomlinum binary toxin is an enzyme that possesses mono(ADP- 
ribosyl>transferase activity.^* The substrate for the enzyme is monoraeric actin.*' By virtue of 
modifyingG-actin,thebinarytoxindisruptsthecytoskeletonofcells.Morcprecisely,thebinary 
toxin exerts two specific effects. Monomeric actin is in dynamic equilibrium with fUamentous 
or F-actin. When the binary toxin ADP-ribosylates G-actin, it irreversibly removes these 
molecules from the pool of monomeric actin and this in turn promotes dissociation of 
filamentous actin to maintain equUibrium. A related effect is that ADF-ribosylated actin acts 
as a capping protein, thus preventing elongation by unmodified actin. 

The consequences of binary toxin action are easy to observe in cultured cells. The toxin 
causes flattened and varigated cells that are attached to the plating surface to lettact and become 
round.*^ In essence, the cells coUapse on themselves because they lack a cytoskeleton. 

The botulinum binary toxin has been used to study exocytosis in a variety of secreting cells, 
and the resuhs do not encourage a belief that the actin-based cytoskeleton plays either a simple 
or a universal role in mediator release. For example, treatment of neuromuscular preparations 
with the binary toxin has no obvious effect on stimulus-evoked transmitter release. SimUarly , 
pretreatment of ceUs with the binary toxin neitheraihances nor inhibits the actions of clostridial 
neurotoxins.'* A survey of binary toxin action on all secreting ceUs that have been studied to 
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date reveals no consistent action on either spontaneous or evoked mediator release.'* Enhanced 
mediator release, inhibited mediator release or no effect has been observed in one cell type or 
another. These results do not indicate a Unk between actin and clostridial neurotoxins. 

Another line of inquiry has been directed at microtubules. DoUy and his colleagues have 
examined the ability of microtubule dissociating dmgs to alter the actions of clostridial 
neurotoxins on norepinephrine rdease from rat brain synaptosomes.'^ They have observed that 
these drags have little or no effect on certain toxins (e.g., serotype A), but they exert a smalk 
and statistically significant effect on others (e.g., serotype B) Interestingly, this disparity of 
action is die same as liiat observed with differential antagonists such as aminopyridines, but in 
the opposite direction. Aminopyridines antagonize serotype A but have little action on serotype 
B and tetanus toxin. 

It is encouraging to see that two lines of research (aminopyridines and other differential 
antagonists; microtubule dissociating drugs) are coming to the same apparent conclusion. There 
may be two classes of clostridial neurotoxins, with serotype A being a prototype of one class 
and serotype B and tetanus toxin being prototypes of the other. Hopefully, the molecular basis 
for diis division will be discovered shortly. 

Enzymatic Actions 

Although the specific target for clostridial neurotoxins has not been identified, there is 
reason to suspect that the toxins are enzymes with protease activity. Work on the primary 
stmctures of the toxins has revealed that they contain a histidine motif that is characteristic of 
zinc-containing proteases.* This observation has prompted several laboratories to undertake a 
vigorous search for a substrate. Some tantalizing preliminary observations were presented 
during the conference, but no authentic substrates for toxin action were identified. 
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INTRODUCTION 

The eminent physiologist Claude Bernard wrote in his 
classic work entitled Experimental Science (8), "Fbisons can 
be employed as a means for the destruction of life or as 
agents for the treatment of the sick." He went on to explain 

how certain toxins and poisons were valuable tools for 
analyses of the most delicate phenomena of living structures. 
Although several toxic substances of plant and animal origin 
were used in medical practice during his time, in recent years 
a great multitude of poisonous substances from plants, 
animals, and microorganisms are now finding use in studies 
on animal physiology and some are used medicinally in 
humans. 

In December 1989 the U.S. Food and Drug Administration 
licensed botulinum toxin type A as an orphan drug for the 
treatment of the human muscle disorders strabismus, hemi- 
facial spasm, and blepharospasm in patients 12 years of age 
and older, by direct injection of the toxin into the hyperac- 
tive muscle. Botulinum toxin is also being used experimen- 
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tally for the treatment of a number of other dystonias and 
movement disorders (25, 98, 191). The use of the toxin for 
human treatment came about over 20 years ago through the 
collaborative work of Alan B. Scott and E. J. Schantz. The 
treatment of neurologicat disorders with botulinum toxin 
type A has opened a new lield of investigation on the 
application of the toxin to nerve and muscle tissue in the 
human body. 

Various microbial neurotoxins are being used to under- 
stand the physiology of the nervous system and may have 
potential value in the treatment of certain types of muscular 
disorders through modification of nervous stimulation of 
muscle activity. Well-characterized microbial neurotoxins 
for this purpose include the neurotoxic proteins from Clos- 
tridium l}otulinum and Clostridium tetani and the iow-mo- 
lecular-weight neurotoxins saxitoxin and tetrodotoxin, from 
certain species of dinoflagellates and bacteria (Table 1). 
TTiese toxins affect muscular activity by their direct action 
on the nervous system; for example, botulinum and tetanus 
toxins affect activity by a presynaptic block of the release of 
neurotransmitters, and saxitoxin and tetrodotoxin do so by 
altering the action potential at the voltage-gated sodium 
channels of neurons. These toxins differ from many other 
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TABLp 1. Approximate relative toxicities of microbial 



neurotoxins 




Minimum lelhaL dose 
in mice (liflftg) 


Molwt 


Botulinum toxin, 


0.00003 


900,000 


type A, crystalline 




150.000 


Tetanus toxin, 


O.OOOl 


crystalline 






Saxitoxin (free base) 


9 


. 299 


Tetrodotoxins 


8-20 


319 



microbial toxins such as diphtheria and cholera enterotoxins 
in that they exhibit relatively little cytolytic or cytotoxic 
activity. This review describes properties of presently 
known neurotoxins that are obtained from microorganisms 
and that, through their physiological action, may be valuable 
in medicine and pharmacology, particularly botulinum toxin 
type A, the only toxin which is presently being used for the 
treatment and relief of several human dystonias. It also 
points out the need for research on methods for culturing, 
purification, genetic expression, and preservation of these 
toxins applicable to their use for hiunan treatment. 

MICROBIAL NEUROTOXINS THAT BLOCK 
NEUROTRANSMITTER RELEASE 

Properties of Botulinum Toxin Type A Relevant to Its Use 
In Medicine 

Developments leading to the use of the toxin for human 
treatment. Botulinum neurotoxins are produced by certain 
strains of the bacterial species. C. botulinum, Clostridium 
butyricum, Clostridium baratii, and Clostridium argentin- 
ense (86). The toxins are classified into seven serotypes, A 
through G, on the basis of their immunological properties. 
The botulinum neurotoxins comprise a family of pharmaco- 
logically similar toxins that block acetylcholine release from 
peripheral nerves and cause a flaccid paralysis. All of the 
serotypes of toxin can poison humans and other animals, but 
type A has caused the severest illness and many deaths from 
food-borne botulism and is the best-characterized botulinum 
toxin. Crystalline type A toxin is the serotype that is 
currently being used in therapeutic applications. The foUowr 
ing sections describe the basic properties of botulinum toxin 
type A and the development of the toxin as a drug. 

Investigations into the use of botulinum toxin type A for 
the treatment of hyperactive muscle disorders originated 
over 20 years ago throujgh a fortunate set of circumstances 
and the ingenuity of Alan B. Scott, a siu^eon at the Smith- 
Kettlewdl Eye Research Institute in Sah Francisco. He 
contacted one of us (E.J.S.) regarding the availability of a 
toxic substance that might be injected iiito a hyperactive 
muscle and thus serve as an alternative to surgery for the 
treatment of strabismus, a condition in which the eyes are 
out of alignment. In my research on microbial toxins I had on 
hand highly purified crystalline type A botulinum toxin, 
produced by C. botulinum, and saxitoxin, the potent poison 
produced by the dinoflagellate Gonyaulax catenelta. The 
mechanisms of action of these toxins had been known for 
many years (29, 33, 63, 103), and their possible use in the 
treatment of a hyperactive muscle was apparent but had 
never been tested. No record of such use in animals . or 
humans was available. Both botulinum toxin and saxitoxin 
cause flaccid paralysis of skeletal muscle as a result of action 



on the nervous system. Botulinum toxin type A appeared to 
be the toxin of choice for human treatment on the basis of 
animal studies and accidental cases of human food poisoning 
in which the paralytic action on survivors lasted for many 
weeks whereas recovery from saxitoxin poisoning took on^ 
a few days for survivors. We therefore began our collabora- 
tion on this work by using botulinum toxin experimentally on 
rhesus monkeys, in which Dr. Scott surgically produced a 
condition similar to strabismus, With the properly deter- 
mined dose of botulinum toxin injected into the more active 
muscle, proper alignment of the eyes was achieved. 

After 10 or more years of successful experiments on 
monkeys, the FDA granted Dr. Scott permission to treat 
strabismus in human volunteers. Strabismus in humans is a 
disorder of vision due to turning of one or both eyes from the 
norma! position for binocular vision ^d is caused by hyper- 
activity of one or more muscles controlling eye position. 
This pondition in humans usually is corrected by surgery, 
which involves cutting away a sufficient portion of the 
hyperactive muscle to allow the eye to assume its normal 
position. Successful human treatment with the toxin in- 
volved iiviecting measured amounts of the toxin, under 
carefully controlled conditions using electromyography, di- 
rectly into the hyperactive muscle pulling the eye out of 
alignment.. Injection of botuUnum toxin weakened the over- 
active muscle, enabling compensation by the weaker one 
and resulting in permanent eye alignnient after a period of 
temporary paralysis (192). The clinical work was first re- 
ported by Scott in the 1980s (188, 189), and the properties of 
the toxin in relation to its use in medical treatment was 
reported by Schantz and Scott in 1981 (180). 

Special considerations on the preparation and maintenance 
of botulinum toxin type A for hvman treatment. Although the 
original toxin on hand and that prepared for the monkeys 
was sufficient, the toxin to be used for the human trials had 
to be prepared under more specific conditions that would, 
from best judgment, meet approval by the FDA. Botulinum 
toxin is the first microbial protein to be used via injection for 
the treatment of human disease. There was no precedent fpr 
the use of a microbial toxin in this manner, and protocols for 
this work had to be implemented. The important consider- 
ations regarding the tqxin were its purity and dose on 
injection. The production by culturing and the purification 
had to be carried out so that the toxin was not exposed to 
any substance that might contaminate the final product in 
trace amounts and cause imdiie reactions in the patieqt. 
These restrictions require culturing in simplified medium 
without the use of animal meat products and purification by 
procedures not involving synthetic solvents or resins. An- 
other concern was tlie problem of long-term stability of the 
toxin so that a supply was always available. Dilution of the 
toxin from milligram quantities to a solution containing 
nanograms per milliliter presented a problem because of the 
rapid loss of specific toxicity on such great dilution. Toxin 
can be diluted in pyrogen-free water or saline if used 
immediately for treatment, but stabilization of the toxin for 
longer periods requires the presence of another protein such 
as gelatin or albumin (173, 177). Although the commercial 
botulinum type A product is prepared in the presence of 
human serum albumin, the use of human serum albumin 
presents potential problems in that certain stable viral agents 
carried through from donors could contaminate the toxin. 
These and other concerns about the preparation and use of 
the toxin for human treatment are reviewed and discussed in 
the following sections. 

Medianisms of action of botulinum toxin. The primary 
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structure of the neurotoxin is suph that the resulting shape 
(secondary and tertiary structures) causes a highly specific 
binding and block of acetylcholine release at myoneural 
junctions. Botulinum toxin is toxic to all vertebrates through 
weakening of skeletal muscle, and death may come about 
through paralysis of the muscles of respiration. Van Ermen- 
gen (226) considered that the toxin acted on the central 
nervous system, but it was later shown that the action is 
peripheral rather than central (3Q, 60). Most early studites on 
the mechanism of action of botulinum toxin were carried out 
with type A crystalline toxin (29, 33, 79). Botulinum toxin 
blocks cholinergic transmission at all cholinergic synapses in 
the peripheral nervous system, but conduction along axons 
is not affected (79). The chemical denervation lasts for 
several months, and recovery of neurotransmission and 
muscle activity requires sprouting of new nerve endings and 
functional connections at motor end plates. The biochemical 
mechanisms of botulinum toxin in skeletal neuromuscular 
preparations, brain synaptosomes, chromaffin cell cultures, 
spinal cord cell cultures, and Torpedo and Aplysia prepara- 
tions have been reviewed within the last 10 years (45, 81, 
137, 158, 168; 200). 

Preparation and properties of botulinum toxin type A for 
clinical use. The Food Research Institute, University of 
Wisconsin, has been involved in the production of crystal- 
line toxin pertaining to food safety for many years, and small 
amounts of this toxin were used for the work on monkeys. 
Ho\yever, the toxin that was to be used for human treatment 
by iiuection required special considerations, and preparation 
and purity of the toxin became essential (180). The type A 
toxin Hall strain was chosen for production of toxin because 
it consistently produced high levels of toxin (1 to 4 mifiioii 
mouse 50% lethal doses (MLDjo) per ml of culture broth). It 
was originally obtained from J. H. Mueller of Harvard 
University (118), and was developed at Fort Detrick, Md., 
by screening for high toxin production. Toxin is produced in 
a nutritive medium consisting of a casein digest, yeast . 
extract, and dextrose at pH 7.3. Following inoculation, 
growth is usually complete in 24 to 36 h, at which time cells 
undergo lysis. Complete lysis and clearitig of the culture take 
2 to 3 days. The toxin is liberated during lysis and is 
activated by proteases present in the culture broth that 
convert a poorly active protoxin to the highly potent toxin. 

The first successful attempt at purification of type A toxin 
from culture broths was accomplished by Snipe and Sommer 
(203) at the Hooper Foundation at the University of Califor- 
nia in 1928, when they showed that 90% of the crude toxin 
could be precipitated from the spent culture fluid by the 
addition of acid to pH 3.5. About 20 years later, Lamanna et 
al. (113), starting with the precipitate, obtained the toxin in 
crystalline form, and then DuflF et al, (59) improved the 
method; the improved method is the basis for the present 
procedure for purification. The purification of botulinum 
toxin type A in our laboratory for human use was designed to 
be carried out by the simplest procedures and avoided 
exposure to substances such as added enzymes or columns 
of synthetic resins, used in some methods, that could con- 
taminate the preparation and be carried into the final injected 
preparations. It is briefly described as follows. The type A 
toxin in the spent broth was first precipitated by adjustment 
to pH 3.5 with acid; 90% of the toxin was recovered in the 
precipitate. The precipitate was washed with water, and the 
toxin was extracted with 1 M salt solution at pH 6.5 and 
reprecipitated with acid at pH 3.7. The toxin was extracted, 
from this precipitate with 0.05 M sodium phosphate buffer at 
pH 6.8, precipitated in 15% ethanol at -5''C, redissolved in 



phosphate buffer, and crystallized in 0.9 M ammonium 
sulfate. This simplified procedure yields, for example, 60 to 
70 mg of small, white, needle-shaped crystals (0.1 to 0.2 mm 
in length) from a 12-liter culture (15 to 17% recoverjO. 
Rccry stall ization under the same conditions yields 20 to 25 
mg of crystalline toxin. 

The crystalline type A toxin contains 16.2% nitrogen and, 
as far as is known, is composed only of biologically active 
amino acids (32, 207) for both the neurotoxin and the 
nontoxic proteins. The isoelectric point of the crystalline 
type A toxin is pH 5.6. Under slightly acidic conditions, pH 
3.5 to 6.8, the neurotoxic component of 150,000 is bound 
noncovalently to the nontoxic proteins in such a manner as 
to preserve or help stabilize the second and tertiary struc- 
tures upon which toxicity is dependent. Under slightly 
alkaline conditions (>pH 7.1) and in the blood and tissues of 
animals and humans, the neurotoxin is released from the 
toxin complex. RNA is also associated with the toxin 
complex but has no known role in activity or stability. 

The molecular weight of crystalline toxin was initially 
shown to be 900,000 Mf on analysis in the ultracentrifuge at 
pH 3.8 to 4.4 (161, 173, 181, 229). Putnam et al. (161) showed 
that on electrophoresis, the crystalline toxin moved as a 
single substance with a molecular weight of 900,000. La- 
manna et al; (115) discovered that purified type A toxin could 
be separated into nontoxic and toxic components, when they 
found that a nontoxic component precipitated erythrocytes 
leaving the toxin in solution. Wagman and Bateman (229) 
also showed that the toxin moved in the ultracentrifuge as a 
single substance ^with a sedimentation coefficient of 19S at 
pH 5,6, but at pH 7.3 the toxin component (neurotoxin) 
dissociated and moved as a much smaller molecule <7S). 
Later DasGupta and Boroff (46) showed that at alkaline pH 
the neurotoxin could be separated from the nontoxic pro- 
teins by column chrontatqgraphy. 

On diffusion in agar gcl .at pH 4.2 the crystalline toxin 
moves as a single substance with a coefficient (D) of ca. 2 x 
10"' cm^ s~^ (161, 178). However, at pH 7.3, near to the pH 
at which the neurotoxin and nontoxic components dissoci- 
ate, the diffusion rate of the neurotoxin increased to ca. 8 x 
10"'' cm^ s~\ much higher than the rate expected for a 
globular protein molecule of 150,000 (178). Diffusion 
depends to a great extent on the shape jof the molecule, and 
the toxin may take on a threadlike structure that would 
diffuse faster than a globular stnictune. 

The biological activity (toxicity) of the toxin, like many 
other biologically active proteins, is due to the spatial or 
conformational structure of the neurotoxin molecule (173, 
182). The nontoxic proteins bound to the neurotoxin appar- 
ently play an important role in maintaining the toxic shape of 
the neurotoxin. Careful handling of purified toxin is there- 
fore important for maintenance of stability. Botulinum toxin 
type A is readily denatured by heat at temperatures above 
40''C, particularly at alkaline pH. Solutions of the toxin lose 
toxicity when bubbles form at the air/liquid interface causing 
stretching and pulling of the neurotoxin out of its toxic shape 
(173). This denaturation also takes place in an atmosphere of 
nitrogen or carbon dioxide. Dilution to extremely low con- 
centrations (nanograms per milliliter) also tends to decrease 
the stability of the neurotoxin, but this can be prevented by 
diluting with a buffered solution (at pH 6.8 or below) 
containing another protein such as gelatin and certain albu- 
mins such as bovine or human serum albumin. When the pH 
is raised above 7.3, the neurotoxin is liberated, which is very 
labile. Because of its lability the neurotoxin is not practical 
for medical applications. 
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Crystalline botulinum toxin type A was the first microbial 
protein oiF this eomplexity to be considered an injectable 
substance by the FDA, and it was necessary to set down 
specifications for toxin quality. The following properties of 
the crystalline toxin obtained from many batches were found 
to be of the highest-quality toxin and were used for evalua- 
tion of batch 79-11, which was used in initial studies in 
humans and later licensed by the FDA: (i) a maximum 
absorbance at 278 nm when dissolved in 0.05 M sodium 
phosphate buffer at pH 6.8, (ii) diaA-^k.-„^ ratio of 0.6 or 
less, (iii) a specific toxicity for mice of 3 x 10' ± 20% MLDjo 
per mg, and (iv) an extinction coefficient (absorbancy) of 
1.65 for 1 mg of toxin per ml in a 1-cm light path. 

The purity of the crystalline toxin cannot be defined 
strictly in terms of percent purity because of small amounts 
of undefined material absorbing at 260 nm, most probably 
nucleic acid material, which associates with the toxin during 
culturing and is carried through the purification and crystal- 
lization procedures. This property is peculiar to certain 
crystalline proteins, in contrast to the crystallization of other 
simpler organic substances. We have based the quality of the 
toxin on obtaining as low any426o'!^278 ratio as possible, near 
to 0.55. Toxin from the first crystallization has a ratio close 
to 0.6, and on the second crystallizatioti it should be reduced 
to about 0.55, which is considered representative of high- 
quality toxin. A third crystallization may reduce the ratio 
slightly but at a cost of yield, because only one-third to 
one-half of the toxin is recovered on each crystallization. 
Other crystalline proteins such as human and bovine serum 
albumins have absorbance ratios close to 0.5 (232). If it is 
assumed that the absorbing material at 260 nm is nucleic acid 
with an extinction of 20 per mg (12 times that of the toxin), 
the proportion of nucleic acid in a preparation with a ratio of 
0.6 would be less than 0.1%. 

Another test of purity and consistency for each batch of 
type A toxin is the banding pattern on solution electropho- 
resis and gel electrophoresis with crystalline toxin and 
reduced crystalline toxin. At or below the isoelectric point of 
5,6, the toxin moves as a single homogeneous substance, of 
900,000 Af,. Tojdn reduced with sulfhydryi reagents shows 
the distribution after electrophoresis of the nontoxic compo- 
nents along with the neurotoxin subunits of 100,000 and 
50,000 A/,. Electrophoresis carried out on several batches of 
crystalline toxin showed that the toxin is judged very similar 
for each batch (101). 

The specific toxicity of a high-quality preparation of 
crystalline toxin should be 3 x 10' MLD50 (±20%) per mg. 
The number of milligrams for this determination is based on 
theyliTB, using the extinction of 1.65 to convert to milligrams 
of toxin (/4278A.65 = mUligrams of toxin [±3%]) (207). 
Because the immunological properties of type A toxin are 
mdependent of its toxic properties, the only means of 
evaluating the potency or acetylcholine-blocking power of 
the toxin is an animal assay (176). The mouse assay for 
toxicity determination may vary depending on the species of 
mice, their condition, and the conditions under which the 
assay is carried out. To minimize the variability, it is 
recommended that the mouse assay be carried out on any 
preparation used for human treatment with the use of a 
reference standard of type A toxin as described by Schantz 
and Kautter (177). There is no known chemical, physical, 
biological, or immunological test available that can replace 
the mouse test for toxicity evaluation. 

An important factor in the medical use of botulinum toxin 
is a method of storage for retention of toxicity. The crystal- 
line toxin formerly provided for reference in food assays was 



dissolved and stored in 0.05 M sodium acetate buffer (pH 
4,2) at 4''C (177), in which it retained toxicity for 1 to 2 years 
before a significant loss (20%) could be detected by mouse 
assay. The difficulty with storing the toxin in acetate buffer is 
that freezing causes complete detoxification and reliance on 
storage at 4°C without danger of freezing is not practical 
under certain circumstances. However, we have found that 
the most satisfactory method of storage is to leave the 
crystalline toxin at 4°C in the mother liquor of the second 
crystallization, in which toxicity was retained for 10 or more 
years. Retaining stability is important because it makes 
available a bulk supply of toxin to draw from over an 
extended period. When the FDA approved experimental 
trials on human volunteers, a large batch of crystalline toxin 
was prepared in November 1979 (designated 79-11) ex- 
pressly for the human trials; 100 mg was supplied to Alan 
Scott and 50 mg was retained in storage at the Food 
Research Institute. This batch has been the sole source of 
botulinum toxin type A accepted by the FDA for human 
treatment and has been used by many physicians throughout 
the United States and some foreign countries. However, 
some loss in toxicity has occurred in batch 79-11, and we 
recommend that fresher batches of toxin periodically be 
prepared to avoid detrimental changes that may occur on 
aging. Crystalline type A toxin prepared in our laboratory 
does not appear to differ in potency or clinical efficacy from 
type A toxin prepared in England by using anion-exchange 
chromatography and RNase treatment (133, 222). However, 
we do not recommend the use of methods of purification 
involving enzymes, various exchangers, or synthetic sol- 
vents because of the chance of contamination - 

Preparation of the toxin for dispensing as a drug and 
compatible for injection into musde required (i) dilution in a 
suitable medium for stability of toxicity, (ii) filtration for 
sterility, and (iii) drying. Diluting a solution of botulinum 
toxin type A from a concentration of 1 or 2 mg/ml to 
nanogram concentrations causes detoxification unless an- 
other protein is added for protection. Gelatin at 2 to 3 mg/ml 
is generally used at pH 6.2 in the standard procedure for the 
mouse assay for toxin in foods (177). Bovine serum albumin 
has been used at 2 to 3 mg/ml in acetate buffer at pH 4.2 for 
good stability (177), and human serum albumin was adopted 
for medical use. Filtration in the presence of additional 
protein can be carried out successfully to remove bacterial 
contamination without loss of toxicity. However, drying, 
which would have many advantages in long-term stability, 
under the conditions with human serum albumin at pH 7.3 
resulted in a substantial loss (50 to 90%) of toxicity. This loss 
of toxicity is a very important consideration because of the 
possibility that the inactivated toxin will form a toxoid and 
immunize the patient against the toxin on continued use. 
Various methods of drying, particularly, lyophilization, re- 
sulted in such losses. Experience with the toxin has proved 
that stability of toxicity is dependent on low pH (<7), but 
such low pHs are not compatible with injections into muscle 
tis;sue. A significant problem is the development of a medium 
and conditions to overcome the losses on drying, and 
research for this purpose is being carried out in our labora- 
tory. 

Therapeutic applications of botulinum toxin. Clinical stud- 
ies have indicated that toxin injections can provide profound 
symptomatic relief for humans suffering from a wide variety 
of disorders characterized by involuntary movements of 
muscle groups (Table 2), particularly those involved m focal 
or segmental dystonias (25, 64, 92, 127). In 1911, Oppenheim 
(151) introduced the term "dystonia musculorum defor- 
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TABLE 2. Focal dystonias and involuntary movement disorders 

successfully treat ed with botulinum toxin type A" 

Condition Symptoms of disease 

Strabismus Crossed eyes 

Blepharospasm Spasmodic eye closure 

Hemifacial spasm Facial twitching and spasms 

Eyelid disorders Inward turning of eyehd 

Spasmodic torticollis Abnormal movements or twisting of 

the neck and head 
Oromandibular and lingual Sustained mouth closure or lingual 

dystonia niuscic contractions 

Focal dystonias of the hand ...Writer's cramp, musician s cramp. 

hand and arm muscle spasms 

Spasmodic dysphonia Uncontrolled vocal fold spasms 

Other voice-disorders Vocal tremor, stuttering 

Neurogenic bladder Abnormal urinary control; results 

from spinal cord injury 
Anismus Uncontrollable anal sphincter 

contraction 

Limb spasticity Occurs following stroke and other 

neurological disorders includmg 

cere bral palsy 

" Listed approximately in decieasing order of ntimben of patients treated 

(25, 98. 179. 191). 



mans" to describe children who had movement disorders 
such as twisted postures, bizarre walking with bending and 
twisting of the torso, and severe muscle spasms. Oppcnheim 
pointed out that progression of symptoms often resulted in 
fixed postural deformities. Dystonia is currently defined as 
"a syndrome of sustained muscle contractions, frequently 
causing twisting and repetitive movements or abnormal 
postures" (64, 127). Dystonia can affect all regions of the 
body (127). Many patients with dystonias have been diag- 
nosed as experiencing psychological stress and referred for 
psychological therapy (64), but were later found to suffer 
from specific neurological diseases (64, 127). Adult onset of 
focal or segmental dystonias (which affect only one or a few 
muscle groups) are more common than generalized dysto- 
nias (64, 127). A study in Minnesota estimated the preva- 
lence of various dystonias to be 391 per million population 
(147). Focal dystonias may spread and lead to generalized 
dystonias, in which several muscle groups are involved. 
Focal dystonias progressed to generalized conditions in 
nearly fm> of affected children (onset before agtt 13) and in 
about 3% of adults (onset after age 20) (127). 

Crystalline botulinum toxin has had great benefit in the 
treatment of involuntary muscle conditions, and injection of 
toxin is now considered the most effective treatment for a 
variety of focal dystonias (25, 98, 191). On injection the toxin 
acts directly or indirectly to alleviate conditions that result 
from muscle hyperactivity. Direct paralysis of target mus- 
cles is desired for certain indications including blepharo- 
spasm, torticollis, and other focal dystonias. Depending on 
the syndrome, toxin injection generally relieves undesired 
muscle movement for a few months, after which the abnor- 
mal movement returns and repeated injections are required. 
Paralysis of certain muscle groups can also lead to secondary 
desired effects (191). For instance, paralysis of a hyperactive 
muscle enables compensation by a weaker muscle, as in 
treatment of strabismus and certain limb muscle spasmodic 
disorders. In these conditions, the balancing of agonist and 
antagonistic muscle systems is the desired effect (191). 

Strabismus was the first syndrome for which botulinum 
toxin therapy was introduced as an alternative to surgery 



(188, 189, 192). Botulinum toxin is usually injected into the 
recti muscles with a Teflon-coated needle and electromyo- 
graphic guidance to ensure accurate placement in the mus- 
cle; this is usually an office procedure. The toxin evokes a 
temporary denervation and muscle weakening, allowing tW 
globe to return to normal alignment. Although botulinum 
toxin will not replace conventional surgical treatment, it has 
proved to be a useful adjunct to surgery in certain cases (189, 
191). 

Botulinum toxin is being used pnmanly for the correction 
of focal dystonias and other regional movement disorders. 
One syndrome approved for treatment is essential blepharo- 
spasm, in which persons suffer from involuntary eyelid 
closure. Blepharospasm is often accompanied by involun- 
tary movements of head and neck muscles, a condition 
known as Meigc syndrome (98). Meige syndrome manifests 
as uncontrolled blinking (blepherospasm) plus involuntary 
facial grimacing, frowning, facial contortions, spasmodic 
speech, and neck pulling (spasmodic torticollis) (24, 25). The 
age of onset of blepharospasm is often 50 to 70 years , and the 
syndrome may progress to other muscle regions. Injections 
of botulinum toxin type A into the orbicularis oculi muscle 
has given clinically significant benefit in 70 to 90% of more 
than 8,000 treatments (98). In most patients, the latency 
period from ii\jection to onset of improvement was 2 to 5 
days and relief persisted for an average of 3.5 months. The 
average dose was ca. 20 U (191). In some treatments, toxin 
diffused to neighboring muscles and caused temporary pto- 
sis. Some patients have received repeated injections for 7 
years or more, and no adverse long-term effects have been 
observed. 

Hemifacial spasm is an often disfiguring syndrome char- 
acterized by involuntary movement of facial muscles con- 
trolled by the seventh facial nerve. Patients often find the 
movemenU disfiguring and socially and functionally incapac- 
itating (25). Treatments with neuroleptic medications have 
been entirely ineffective. Injection of botulinum toxin (gen- 
erally 10 to 20 U) has relieved hemifacial spasm in more than 
90% of the patients treated. Most patients experience relief 
for 3 to 4 months, after which repeated injections have 
provided long-term relief in most individuals. 

Spasmodic torticollis (cervical dystonia) is a dystotiia 
affecting neck muscles and causing the head to involuntarily 
deviate in any direction (25, 75, 98, 208). It is among the 
most common dystonias, and the spasmodic contractions 
can cause posture deformity, head tremors, and pain. Over 
1,000 cases of spasmodic torticollis have been treated, and 
the studies have reported improvement in 50 to 90% of the 
patients, depending on the dose and placement of the toxin. - 
Comparatively large doses of botulinum toxin are used for 
injection at multiple sites. The larger quantities of toxin can 
diffuse to neighboring muscles, causing ptosis and other side 
effects. 

Certain other diseases involving involuntary muscle . 
movements have been successfully treated with botulinum 
toxin in a limited number of patients (reviewed in references 
25, 98, 191, and 218). These include writer's and musician's 
cramps, hand tremors, spasmodic dysphonia and other la- 
ryngeal dystonias, neurogenic bladder as a result of spinal 
cord injury, spasms of the rectal sphincter (anismus), limb 
muscle spasms following stroke, leg spasms from multiple 
sclerosis, and spasticity in children with cerebral palsy. 
Botulinum toxin could potentially benefit humans who suffer 
from a variety of other hyperkinetic movement and muscle 
tone disorders including tics, tremors, bruxism, and pain 
brought on by muscle spasms (25, 98, 99, 218). 
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Although botulinum toxin is currently used for treatment 
of regional muscle groups, limited success has also been 
achieved with patients who suffer from hyperactivity of 
several muscle groups. Botulinum toxin has found limited 
use in tardive dyskinetic syndrome (221), a chorea marked 
by irregular dystonic movements and postures that can 
develop in mentally ill patients after treatment with neuro- 
leptic medications. Some of these patients experience 
marked distress and suffer from disparate spasmodic disor- 
ders including repetitive blinking, backward arching of the 
bead and trunk (retrocollis), rocking of the body, mouth 
grinding (bruxism), and involuntary voice sounds and grunt- 
ing. In a pilot study, four patients were itijected in diverse 
muscles and marked improvement was found in 2 weeks in 
all four 'individuals. Not all movement disorders in these 
patients improved, but several did including retrocollis, 
mouth control, and bruxism. Treatment of tardive dyskinetic 
syndrome by chemical denervation with botulinum toxin is 
complex because it involves different muscle groups. The 
strategy has been to focus toxin injection on the most 
involved muscle groups. 

Generalized dystonias such as those observed in Parkin- 
sonism present difficult problems for treatment because of 
the many muscles involved, but it is possible that if a proper 
method of administration could be worked out, these gener- 
alized conditions could be treated with toxin. One possible 
but untried route is the administration of low intravenous 
doses by which the toxin would spread regionally to many 
muscles. 

Side effects of botaKnum toxin. No adverse clinical eCTects 
of botulinum toxin have been found in patients who received 
low doses of botulinum toxin, e.g., ^20 U. Single-fiber 
electromyography analysis has shown that iivection of rela- 
tively large quantities of botulinum toxin (140 to 163 U) leads 
to toxin spread, weakening of distant muscles, and unchar- 
acterized subclinical effects (116). 

The primary side effect associated with local injections of 
botulinum toxin is weakening and ptosis of nearby muscles. 
One of the most prevalent and disturbing side effects is 
dysphagia, or the inability to swallow, and several patients 
have experienced upper airway obstruction after treatment 
with relatively high doses (>150 U) of botulinum toJtin (25, 
208). I>ysphagia may be related to generalized weakness and 
inability to hold the head erect (75) or to weakening of 
muscles involved in swallowing. It may also be related to the 
dose and injection strategy used. To prevent dysphagia, 
Borodic et al. (23, 24) have recommended, on the basis of 
studies of toxin diffusion in tissues, the use of ^100 U per 
treatment injected into several sites. Further research is 
needed to identify the lowest dose of toxin and sites of 
injections that will produce the desired control and prevent 
migration of toxin to neighboring muscle groups. Local side 
effects could be increased in patients who are being treated 
with drugs other than botulinum toxin that affect neuromus- 
cular transmission (4), 

There is interest among physicians in developing methods 
to prevent the spread of toxin to neighboring muscles. Scott 
(190) demonstrated that injection of antitoxin at the correct 
time following toxin injection partially prevented toxin mi- 
gration. The currently available equine antitoxin could lead 
to undesirable reactions in some patients, and it would be 
valuable to have a source of human antibodies. In January 
1991, human immunoglobulin G pooled from immunized 
human volunteers became available in a phase II clinical trial 
by the Orphan Drug Program of the FDA as a potential 
treatment for infant botulism (70), A similar pool of human 



antibodies could also be useful to alleviate side effects of 
botulinum toxin injections without leading to patient reac- 
tion to the antiserum. 

Changes in muscle tissue following botulinum toxin type A 
iiyections. Changes in skeletal muscles after botulinum toxin 
type A injection have been studied in animal models (53, "56, 
57, 155). Duchen (56, 57) found that muscle fibers became 
atrophied and sprouting of nerve fibers was induced after 
injection of toxin into the leg muscle of mice. Sprouting of 
motor nerves was observed after 6 to 7 days and progressed 
for several weeks in the red soleus muscle; it occurred later 
in the predominantly white gastrocnemius muscle. Nerve 
sprouting occurred as complex branched arrangements 
which were apparently unable to establish functional con- 
nections for several weeks. The muscle fibers atrophied for 
6 weeks or more and then increased in diameter to within 
normal limits within a few weeks. Changes in the localization 
and intensity of cholinesterase staining reflected the morpho- 
logical changes. This work was important because it pro- 
vided a new approach to quantitative characterization of 
renervation of denervated muscle. Pestronk and Drachman 
(155) evaluated motor nerve sprouting quantitatively after 
presynaptic blockade with botulinum toxin by measuring 
acetylcholine receptors with ^"^^I-Iabcled a-bungarotoxin. 
Muscle disuse was maintained by repeated injections of 
tetrodotoxin. They showed that the amount of sprouting was 
correlated with the number of acetylcholine receptors and 
was greatest in the botulinum-poisoned muscles. Sprouting 
was inhibited by a-bungarotoxin, suggesting that the acetyl- 
choline receptors had an important role in inducing sprouting 
and muscle renervation. These results suggest that the use of 
a combination of botulinum toxin and a-bungarotoxin could 
prolong muscle paralysis. 

In an approach derived from that of Duchen (56, 57), 
Borodic ct al. (23-26) have used the albino rabbit as an 
animal model to quantitatively determine toxin spread from 
the site of botulinum toxin injection. Acetylcholinesterase 
staining, muscle fiber size analysis, and ATPase staining 
were used to establish a denervation gradient. A gradient 
effect up to 30 mm from the site of injection of 2 to 3 U of 
botulinum toxin type A per kg was found with respect to 
mOTphological changes in muscle fiber size and histological 
staining. At distances greater than 30 mm. there was sub- 
stantially decreased staining and much less muscle atrophy. 
Very similar results were found in a study with crude type B 
toxin (26). The denervation indicated by histochemical stain- 
ing and fiber size analysis appeared transient and lasted for 
about 3 months for both type A and B toxins. By using 
muscle biopsies, innervation sites were also determined with 
humans (23-25). Borodic et at. (23) have also used electrical 
stimulation to determine motor points and optimal injection 
sites in botulinum toxin therapy. 

Immunity to botulinum toxin. There is considerable con- 
cern about the possibility that patients will develop antibod- 
ies and become refractory to botulinum toxin treatment, 
particulariy when relatively high levels of botulinum toxin 
are injected repeatedly over several years. The dose of toxin 
required to trigger antibody formation in humans is not 
known. The minute quantities of toxin ingested in food- 
borne botulism are not sufficient to evoke antibodies. Recur- 
rent episodes of type B and type £ botulism have been 
documented in the same individual, supporting the notion 
that repeated exposure to botulinum toxin may not impart 
long-term immunity (6, 186), Repeated sensitivity to tetanus 
toxin in humans has also been reported (34). 

Toxoid is commonly injected into laboratory workers to 
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stimulate antibodies and protect against accidents. The 
minimum dose of toxoid to elicit immunity in humans varies 
greatly with the individual and the toxoid preparation (3, 80, 
197), but is probably similar to the immunological response 
to tetanus toxoid (73), Repeated injections of botulinum 
pentavalent toxoid after 0, 2, and 12 weeks and yearly 
boosters gave final titers of 3.2 lU of anti-A antibodies, 0.4 
lU of anti-B antibodies, and 2.5 lU of anti-E antibodies per 
ml in a man (80). Antibodies were slow to develop, and a 
steep rise in the level of anti-A antibodies occurred in the 
fourth year of immunization. In an investigation of 77 
patients subjected to the current U.S. schedule of toxoid 
injection at 0, 2, and 12 weeks, Siegel (197) reported that 
neutralizing antibodies to type A and B toxins were low or 
absent after the 12-week shot and significant titers were 
present only after yearly boosters. After the first booster, 74 
(96%) had an anti-A antibody titer of 0.25 lU/ml or more, and 
only 44 (57%) of the subjects had an anti-B antibody titer of 
0.25 lU/ml or more. (1 lU is defined as the amount of 
antibody neutralizing 10,000 MLDjoS-) 

Antibody formation has been observed in a small number 
of patients injected with botulinum toxin (98, 191). To date, 
about 12 of more than 7,000 patients treated have developed 
antibodies to type A botulinum toxin. Six patients injected 
with 300 to 400 ng and one injected with repeated 100-ng 
doses within 30 days developed antibodies within 30 days 
(191). Antibodies have been demonstrated to reduce the 
beneficial effect of treatment (98). More work is needed to 
evaluate the inddenoe of antibody formation and other 
immunities in patients repeatedly treated with toxin over 
several years. 

Properties and Uses of Serotypes of Botulinum Toxin Other 
than Type A 

Seven known serotypes of botulinum toxin (A through G) 
have been isolated and characterized (213), and it is likely 
that types other than type A will be used dinically, particu- 
larly in patients who develop inmiunily to type A. Further- 
more, evidence is accumulating to show that different types 
bind to different acceptors and may have subtle differences 
in their mode of action and that they could therefore com- 
plement type A in clinical applications. In the following 
sections, we review various basic science aspects of the 
botulinum toxins, especially as they pertain to potential 
clinical applications. 

Botulism in humans. When botulinum toxin enters the 
circulation from contaminated food or infection, it can cause 
a severe paralytic disease. Types A, B, and E have most 
commonly been involved in human botulism (168, 213, 215), 
and type F has been the causative type, in at least two 
outbreaks of food poisoning (78). Symptoms and severity of 
botulism differ depending on the serotype and amount of 
toxin ingested, suggesting possible differences in the mech- 
anisms of intoxication (215). Qinical observations have 
indicated that type A food-borne botulism is often more 
severe and associated with h^her mortality than botulism 
from other types (37, 52, 95). A rapid onset of neurologic 
signs indicates a more severe episode of the disease (38). 
Benign forms of botulism in which the course of the illness is 
milder and longer lasting have also been reported, particu- 
larly for type B (43, 100, 109, 209). 

Botulism in humans generally manifests as a rapidly 
progressive symmetrica! neuromuscular paralysis. Patients 
with botulism generally stay mentally alert during the poi- 
soning unless anoxia sets in (108). Sudden respiratory or 



cardiac arrests and airway obstruction, leading to death, can 
occur (109). Cardiac effects of botulinum toxin in animals 
and in faumans have been reported (114, 215). 

Botulinum toxin most often initially affects eye muscles 
supplied by susceptible cranial nerves, and the first signs of* 
botulism are often blurred and double vision (215). As the 
paralysis progresses and peripheral nerves are affected, 
signs such as dry mouth, difficulty in swallowing, weakness 
in head and neck movements, and difficulty in breathing 
become apparent. In type A and B botulism, loss of muscu- 
lature control manifests as ptosis and drooping of eye 
muscles, hypoactive gag reflex, and weakness in upper and 
lower extremities (95). Atypical symptoms including asym- 
metric or late-onset of neurologic signs, paresthesia, nystag- 
mus, ataxia, and sensory abnormalities are not uncommon 
(31, 95, 215). Ingested botulinum toxin can paralyze all 
muscles of the body. Symptoms of botulism sometimes last 
for months, and recovery requires renervation by new nerve 
terminal axons and end plates. Weakness and £atigabiliQr 
may persist for 1 to 2 years (215). Recovery in adults is 
generally complete (38), but there are reports of central 
nervous system involvement in infant botulism (100a). 

Since botulism is rarely encountered, it can be difficult to 
diagnose rapidly. Electromyography is useful for detection 
of decreased amplitude of muscle action potential , in weak- 
ened muscle (215), and since conduction along the nerve 
axons is not altered by botulinum toxin, the proximal motor 
nerve conduction rates and distal latencies are normal (42). 
Botulism is confirmed by the demonstration of botulinum 
toxin in the patient's serum or stool or in suspect food by 
mouse assay and tieutralization with lype-spedfic antitoxin 
(52). Botulinum toxin has been found more often in the 
serum of patients with type E or B botulism than with type 
A, possibly because of the greater affinity of type A toxin for 
tissue acceptors. 

The actual dose of botulinum toxin to cause food-borne 
intoxication in humans is debatable and depends on the 
indhridual, the source and type of toxin, and the amount 
ingested. Accidental cases of human botulism from toxin- 
contaminated food showed symptoms of botulism and occa- 
sionally death from as little as 0.1 to 1 (ig (100 to 1,000 ng or 
3,000 to 30,000 MLDjos) (134, 140, 183), but results were 
quite variable, probably because of individual variation in 
the amount absorbed and the stability of the toxin in the gut. 
More data on toxicity is available for lower animals and 
monkeys. The lethal dose of crystalline toxin type A in mice 
was 1.2 to 2.5 ng (0.03 to 0.07 U)/kg (76, 80) and was 0.5 to 
0.6 ng/kg for guinea pigs and rabbits (76). Scott and Suzuki 
(193) determined that the intramuscular LD^o for juvenile 
monkeys (Afacaca fasciculaiis) was ca. 39 O/kg (ca. 1.25 
ng/kg) of body weight. Herrero et aL (91) reported a similar 
lethal dose of 40 U/kg by intravenous injection in Macaca 
rhesus. In Gill's table of lethal amounts of bacterial toxins, 
he reported botulinum toxin to be the most potent toxin 
known for primates, the lethal quantity of type A toxin being 
0.5 to 0.7 ng/kg of body weight for monkeys and ca. 1 ng (30 
U)/kg for humans (76). Larger quantities of types C^, D, and 
E may be required to cause death in monkeys, whereas less 
type B is required (76). No data on intravenous toxicity are 
available for humans for botulinum toxins, but humans are 
probably as sensitive as guinea pigs and would be expected 
to be about as sensitive as monkeys. 

Toxin production by the various serotypes of C. botulinum. 
Use of the various types of botulinum toxin in medicine will 
require a plentiful source of the toxins. The production of 
type A toxin under controlled conditions by the Hall strain. 
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as used for the preparation of toxin for human treatment, 
gives a uniform -crystalline toxin in high yields. The toxin 
complexes of the other types have also been obtained by 
culturing and purification and could be useful clinically. 
However, the strain, medium composition, and culture 
conditions affect the yields and structures of the botulinum 
toxins. 

To obtain the greatest quantity and highest quality of 
toxin, it is essential to maintain strains of C. botuUnum that 
consistently produce high levels of toxin. Hovk'ever, the 
bacterium has a frustrating tendency under laboratory con- 
ditions to gradually losie its ability to produce high levels of 
toxin. Lewis and Hill (118) reported that the Hall strain made 
decreasing quantities of toxin on successive subcultures. 
Huhtanen (96) also reported that strains of type A and B 
toxins frequently become nontoxigenic during culture. A 
more complete understanding of the physiological and ge- 
netic factors that control toxin production will be valuable 
for the development of other types. 

The highest levels of toxin in group I C. botulinum 
(proteolytic strains of types A, B, and F) are generally 
produced in cell ]x>pulations that undergo rapid autolysis and 
do not sporulate (21, 27), although Sicgel and Metzger (198) 
obtained titers of 6.3 x 10' U vvith the Hall strain in a 
fermentor without appreciable cell lysis. Toxin formation is 
poor during sporulation, and spores contain only small 
quantities of toxin (ca. 1% of that found in cytoplasm) (58, 
77). Takumi ct al. (216) reported the isolation of nontoxi- 
genic variants of C. botulinum type A that had enhanced 
sporulation. The strain used for production of type A, the 
Hall strain, sporulates very poorly. Therefore, encouraging 
vegetative growth and autolysis and discouraging spore 
forinatjon may be important for obtaining good yields of 
toxin. 

Toxin formation is controlled by nutrition in group I and li 
G. botulinum (119, 152). Arginine delayed autolysis, affected 
sporulation, and repressed toxin formation in group I C. 
botulinum (28, 154). Toxin formation was repressed about 
10,CK)0-fold in group I, including the Hall A and Okra B 
strains, when abundant arginine was available in the medium 
(152), probably pwing to nitrogen repression of toxin gene 
expression. Protease was also decrease^ by arginine in 
group I C. botulinum. In group II C. botulinum (nonproteo- 
lytic strains of serotypes B, E, and F), tryptophan availabil- 
ity repressed toxin formation, probably also in response to 
nitrogen sufficiency (119). These results indicate that fer- 
mentation conditions and mutant strains could be developed 
for improved toxin production. 

S^ntficance of complexes on toxin quality. The strain and 
culturing conditions also affect the qjuality of toxin that is 
produced. Schantz and Spero (181) found that botulinum 
toxins of the different serotypes occur in spent cultures as 
large protein complexes. In the ultracentrifuge the sedimen- 
tation coefficients for the complexes were 19S for type A, 
16S for type B, and 13S for types C, D, E, and F. Sugii and 
Sakaguchi (211) showed that high-molecular-weight toxin 
complexes occur naturally in foods. It is now known that 
each of the types of botulinum toxin produced in food or in 
culture are conjugated proteins ranging in molecular weight 
from 300,000 to 900,000, comprising a molecule made up of 
one or two neurotoxic units of about 150,000 nonco- 
vaiently conjugated to nontoxic proteins (168, 181, 213). 

The formation of toxin complexes is very important for 
use of the toxins in medicine because the nontoxic proteins 
play an important role in maintaining the stability of the 
neurotoxic units. Isolated neurotoxic units were poorly toxic 



to mice when administered orally (169, 170, 210). Peroral 
toxicity increased with incremental association of the neu- 
rotoxins with the protective proteins (150, 168-170, 210). 
The larger (19S and 16S) complexes of botulinum toxin types 
A and B were more toxic by the oral route and more resistant 
to acid and pepsin than were the smaller complexes. The 
isolated neurotoxins were rapidly inactivated by these con- 
ditions. Variations in the toxigenicities of different strains 
also probably depend on differences in the structures of the 
complexes. Ohishi (150) found that the oral toxicities dif- 
fered considerably for the toxins of certain type A and B 
strains of C. botulinum. Of five B strains, Okra B produced 
the most potent toxin by oral challenge in mice. The 16S 
complex of the toxin was 700 times more potent than the 16S 
molecule from strain NH-2. A hybrid composed of the 
neurotoxin from NH-2 and the nontoxic components from 
Okra increased the oral toxicity close to that of the native 
Okra toxin, probably by protection of the neurotoxin in the 
gastric and intestinal tracts. 

The size of the complex formed in types A', B, E, and F 
depends on the medium for bacterial growth. It has been 
known for years that some foods such as vegetables have 
high botulinogenic properties (134, 212). Sugii and Sakaguchi 
(212) showed that type A and B C. botulinum produced the 
stable 19S and 16S high-molecular-weight complexes in 
vegetables, whereas they produced the less stable 12S com- 
plex in tuna and pork. Nonconjugated neurotoxin was not 
found in any of the food substrates. They found that addition 
of iron or manganese to the growth medium resulted in a 
higher concentration of small toxin complexes (125 and 16S) 
in type A C. botulinum, suggesting an influence of metals on 
the size and stability of the complexes. 

3iochemlcal and genetic properties of the neurotoxin com- 
ponent. The biochemistry of purified botulinum neurotoxins, 
particularly type A toxin, has been studied in considerable 
detail, and authoritative reviews are available (45, 81, 213). 
Neurotoxins have been purified for all serotypes except for 
type G; the type G toxin has been purified to a protein 
complex of high toxicity, but further purification resulted in 
substantial loss of toxicity (126, 146). Within a given type of 
toxin and strain of producing bacterium, there may be 
considerable heterogeneity in molecular structure and anti- 
genicity, giving a mosaic structure (139). The neurotoxins all 
have high specific toxicities, from 10' to 10* MLDjos/mg of 
protein (213). 

All types of neurotoxins are synthesized as single-chain 
protein molecules of about 150,000 with low toxicity. The 
protoxins are released from the bacterium during culture 
(48). Those of proteolytic (group I) C. botulinum strains are 
cleaved by extracellular proteases into two-chain molecules- 
consisting of an H (heavy) subunit of ^out 100,000 and 
a L (light) subunit of about 50,000 (45, 47, 48. 171, 196). 
Toxin preparations from nonproteolytic cultures require 
exogenous protease treatment for protoxin activation. The H 
and L chains are covalently linked by at least one disulfide 
and noncovalent bonds (45) and possibly a metal component 
(10, 11). The H and L chains of the neurotoxins can be 
separated by chromatography after treatment with dithio- 
threitoi and urea (171). The isolated chains are not toxic by 
themselves but can be recombined under carefully con- 
trolled conditions to obtain active toxin (110, 123 , 214, 230). 
Recently a chimeric toxin which retained considerable ac- 
tivity was prepared between the L chain of tetanus toxin and 
the H chain of botulinum toxin type A (230). Chimeric toxins 
composed of defined fragments, e.g., the H chain from 
botulinum toxin and the L chain from ricin, could be 
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valuable iti medicine, but much work needs to be done on 
their formation and clinical testing. 

During proteolytic cleavage the neurotoxins undei^o a 
molecular change in shape that increases toxicity (48). The 
nicking region was recently reported to contain multiple 
target sites susceptible to more than one protease (45, 47). 
DasGupta and Dekleva have proposed that two peptide 
bonds in a short region are cleaved at different rates during 
matunition of type A toxin and that 10 amino acids are 
excised (45, 47). The control of proteqlysis to increase 
stability could be useful in the preparation of the toxins for 
medicine, as has been achieved with tetanus toxin, and to 
obtain defined fragments for consthiction of toxins wth 
desired properties. 

The presence of metals in neurotoxins may affect their 
stability. Bhattacharyya and Sugiyama (10, 11) reported that 
chelators for iron and manganese inactivated purified type A 
botulinum toxin and tetanus toxin. Analysis of purified 
botulinum neurotoxin for metai content by neutron activa- 
tion indicated that one atom of iron was present for each 
toxin molecule. It was suggested that metals may be in- 
volved in linkage of the H arid L chains of botulinum and 
tetanus neurotoxins (10, U). Kindlcr and Mager (107) found 
that metal availability in the culture medium affected the 
formation of toxin. Culturing C. botulinum in a medium 
containing EDTA did not inhibit growth but completely 
suppressed toxin formation. The biological activity of botu- 
linum toxin may depend on a transition metal component, 
possibly Fe. The presence of metals cpuld be important in 
maintenance of activity and protection from oxidation during 
drying and for long-term stability. 

Recent genetic advances have increased our understand- 
ing of the structure and expression of the botulinum toxins. 
The genes coding for botulinum neurotoxin types A, B, and 
E are present in one copy on the chromosome in repre- 
sentative strains (14, 219). Genomic libraries of C. botulinum 
type A chromosomal DN A (strain 62A or NCTC 2916) were 
prepared on plasmids and transformed into Escherichia coH. 
For safety reasons, separate subfragments that wierc 2 kb or 
less in size and did not encode the entire neurotoxin gene 
were cloned. Open reading frames which encoded a se- 
quence corresponding to a polypeptide of 1,296 amino acid 
residues, 149,425 (14) or 149,502 (219), were identi- 
fied. The nucleotide sequences were in agreement with the 
partial nucleotide sequence reported by Betlcy et al. (9). The 
promoter of the BoNT/A gene was not transcribed in E. coli; 
this may have been caused by the frequent presence of 
codons in the promoter region that are not normally present 
in E. colL Codon usage in the botulinum toxin gene was 
similar to that previously found for the tetanus toxin gene 
(61, 65, 66). Overall, 90.3% of the degenerate codons ended 
in A or U. An exception to the codon bias occurred for Lys 
codons, in which the frequency of AAA and AAG was 
nearly the same (24 AAA and 20 AAG) (219) compared with 
98 AAA and 9 AAG for the tetanus toxin gene. In C. 
botuUmim, AUG and UAA were translational initiation and 
termination codons, respectively, and strong bias was found 
for Arg and Ser codons. Binz et al. (14) found that the A+T 
content in the 5'-noncoding region of the type A and type E 
toxin genes was 80.4 and 80.3%, respectively, higher than in 
the coding regions, where 73.6 and 72.1% A+T were found. 
Examination of the upstream region indicated that transcrip- 
tion started 118 to 127 nucleotides upstream from the trans- 
lation initiation site (14). Regions of dyad symmetry were 
demonstrated in the 3' noncoding region that may be in- 
volved in regulation of transcription. Binz et al. (14) con- 



cluded that botulinum neurotoxin type A was translated 
from a monocistronic RNA and that the mRNA did not also 
encode the hemagglutinin and other nontoxic proteins of the 
natural toxin complex. Thompson et al. (219) also concludj|d 
that a single open reading frame was translated, giving only 
the neurotoxin protein. 

The sequence of the type A neurotoxin gene indicated that 
botulinum neurotoxin A does not possess a signal peptide in 
the terminal coding regions, supporting the notion that it is 
not a secreted protein. Cys residues are conserved at posi- 
tions 1060 and 1280 of botulinum (and tetanus) toxins, and 
Cys-454 occurs at the same position in C. botulinum type A, 
B, and E toxins and in tetanus toxin (61). Cys-454 is the sole 
Cys residue in the N-terminal region of the H chain and is 
probably involved in disulfide bridging of the L and H 
chains. Cys-430 is also located at an identical position in 
botulinum and tetanus toxin L chains. Sequence analysis of 
botulinum type A toxin indicated that the H chain of type A 
neurotoxin had six histidine residues arranged in a motif 
which the authors suggested could be involved in the bio- 
logical action of the toxin, possibly penetration through the 
nerve membrane. The deduced ahiino acid sequences of 
botulinum toxins had about 33% homology to tetanus toxin, 
and the H chains showed higher homologies than the L 
chains (14, 219). No homologies were detected to other 
proteins including ADP-ribosylating clostridial toxins. 

The DNA sequences have also recently been obtained for 
other botulinum toxins including type D, Cj, and E neuro- 
tpxins and the Cj ADP-ribosyltranferase (13, 71, 72, 87, 105, 
106, 157). Highly homologous regions were detected among 
the various neurotoxin gene sequences and tetanus toxin 
gene. The C3 gene was found to be unrelated to and D 
neurotoxin genes. 

Structure and properties of nontoxic proteins of the (oxin 
complex. Relatively little is known concerning the biochem- 
istry and genetics of the nontoxic proteins associated with 
neurotoxin in toxin complexes. The type A complex con- 
tains at least two nontoxic proteins, one of which has 
hemagglutinating properties (115). Strains of C. botulinum 
that do not produce hemagglutinin have been isolated, and 
these form smaller complexes (12S and 16S) than are nor- 
mally found (19S) (111, 135, 211). The in vitro addition of 
hemagglutinin to the 12S complex results in formation of a 
19S complex with increased stabiUty (111). Binding of the 
hemagglutinin was inhibited by a heat-stable, dialyzable 
substance that has not been isolated (211). 

DasGupta (44) reported that the hemagglutinins of type A 
and B toxins were constructed through aggregation of two 
small units of about 15,000 and 20,000 M,. Recently, Somers 
and DasGupta (204) studied nontoxic proteins from type A, 
B, Ci, and E toxin complexes. The proteins isolated from 
types A, B, and E had various degrees of hemagglutinating 
activity (Ho^), while the protein from type E had no 
hemagglutinating activity (Hn~). The type A Hn+ and type B 
Hn* were serologically cross-reactive. Type A Hn"^, type B 
Hn*, and type C Hn"^ were isolated as large aggregates 
(220,000 to 900,000 M,), which were separated into multiple 
subunits of >17,000 by sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE). The type E Hn" of 
116,000 Afr did not aggregate. The sequences of the 10 to 33 
amino-terminal regions of the 17,000, 21,500, 35,000, and 
57,000 M, subunits of type A Hn* and type B Hn"^ were 
determined. Each of the subunits had a unique sequence, 
indicating that the subunits were not homomers of smaller 
units. The subunits types A and B had remarkably similar 
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sequence identity; i.e., the 21,500 subunits were identical 
and the 57,000 subunits had 80% identity. 

An understanding of the genetics of the hemagglutinin 
component of the toxin complexes is also developing. 
Oguma et al. (148) showed several years ago that the 
capacity to produce hemagglutinin in C. botulinum type C 
was transferred by phages either separately or together with 
toxin. Physical linkage of a hemagglutinin gene and toxin 
gene was confirmed, and it was shown that the toxin and 
hema^utinin genes were transcribed in opposite directions. 
Tsu2uki et al. (224) cloned the gene encoding the main 
component of hemagglutinin produced by C. botulinum type 
C. The complete nucleotide sequence of the gene indicated 
that it encoded a protein of 33,000 M^. At 62 bp downstream 
from the termination codon of the cloned 33,000 A/, subunit 
of type C Hn* was an initiation codon followed by a coding 
sequence for at least 34 amino acids. Somers and DasGupta 
(204) found that the derived amino acid sequence of this 
open reading frame had 73 to 84% sequence identity with the 
17,000 Mr subunits of type A Hn"^ and type B Hn* and 
significant similarity with the N terminus of type E Hn~. 
This observation raises the interesting possibihty that genes 
for some of the subunits have a similar genetic arrangement 
and a common ancestral origin. It is interesting that a 
sequence homology has been proposed between tetanus 
toxin and the hemagglutinin of infliteriza virus (138), indicat- 
ing a possible viral origin of the . neurotoxin. 

New findings in the mechanilsnis of action of the different 
types of twtulinnm toxins. Botulinum neurotoxins A to G are 
antigenically distinct yet have a number of structural and 
mechanistic similarities. All of the neurotoxin types cause a 
chemical denervation at the myoneural junction by inhibiting 
acetylcholine release. However, there appear to be subtle 
differences in the mechanisms of action of the neurotoxins. 
Toxin types A and E, type B, and type F apparently bind to 
distinct high-afflnity acceptor regions with similar affinities 
(Ka 10~' to 10"^*" nM) in synaptosomes and at murine 
neuromuscular junctions (20, 45, 62, 110, 128, 228, 233). 
Binding may occur in regions cranposed of sialosyl residues 
and protein (184) and may first involve low-affinity associa- 
tion of the H chain followed by high-aflinity attachment. In 
addition to binding to different acceptor regions on the nerve 
surface, botulinum toxin types A and B have been reported 
to affect neurotransmitter release diflferently (74, 137). Elec- 
trophysiological studies have shown that type A affects 
asynchronous neurotransmitter release, whereas type B 
does not (137). Furthermore, an increase in the intracellular 
Ca* concentration by ionophore treatment reverses inhibi- 
tion by type A but not type B in synaptosome preparations 
(5), and aminopyridine more readily reverses type A than 
type B inhibition at the myoneural junction (74). 

Both the H and L chains of the neurotoxin may be 
required for poisoning in invertebrate systems (123, 158). In 
mammalian peripheral motor nerve terminals, the L chain 
alone is active after it is internalized (15, 49). The precise 
mechanism of blockade by the L chain is unknown, but it 
must affect a general and important component of the 
secretory machinery in various classes of neurons. Botuli- 
num toxin blocks the release of several classes of neuro- 
transmitters at central and peripheral neurons (15, 120). 
Recently, it has been proposed that the L chain may act at an 
intracellular membranous or cytoskeletal site to inhibit neu- 
rotransmitter release (S, 120). Because of the extraordinary 
toxicity of botulinum toxin, it is likely that it has enzymatic 
activity and acts catalytically or triggers a casctide of events 
that decrease neurotransmitter release. The intracellular 



substrate of botulinum toxin remains an elusive grail that is 
being pursued by several laboratories. 

An objective in treatment of hyperactive muscles is to 
prevent possible systemic reactions which could result from 
spread of toxin through the blood. Antibodies could be used 
therapeutically by application to the injection site to Help 
limit the diffusion of toxin and alleviate side effects such as 
ptosis (190), or it may also be possible to add the nontoxic H 
chain after toxin injection to block toxin binding to neigh- 
boring nerves. The most desirable approach to avoid spread 
would be to confine the paralyzing action within the presyn- 
aptic nerve. An interesting recent development is the finding 
that stabilized mRNA (3' polyadenylated and 5' capped) 
corresponding to the nucleotide sequence of tetanus toxin 
gene (L chain) injected into Aplysia californica cholinergic 
neurons in a bath depressed neurotransmitter release in less 
than 1 h (136). Similar results were found for mRNA of the 
L chain of botulinum A toxin , but only when the H chain was 
also added to the bath. The L chains of tetanus and botuli- 
num neurotoxins were demonstrated to be synthesized iii the 
presynaptic neurons, and onset of toxin action was slower 
than that of neurotoxins injected directly. 

The subtle differences in botulinum toxin mechanisms 
among the various serotypes suggest that combinations of 
botulinum toxins could be more effective in clinical practice 
than any one type sdone. Further work is needed to produce, 
stabilize, and test the clinical effectiveness of different types. 
Prelimuiary work indicates that types B (26) and F (187) are 
useful in controlling certain spasmodic muscle disorders. 

Clinical use of puiv neurotoxin compared with toxin com- 
plexes. Most recent inforination concerning the structure and 
pharmacology of botulinum toxin has been obtained with 
purified neurotoxins, but it is unlikely that these will be used 
in a clinical setting, The toxin complexes are much more 
stable than neurotoxir^s aiid can be diluted and fdrmulated 
with retention of toxicity. Pure neurotoxins can be kept foi- 
several weeks to months in solution in the cold but are 
inactivated on dilution, formulation, and drying. No clinical 
trials on primates have been performed with purified neuro- 
toxins. 

Sellin et al. (195) reported that injection of 1 to 20 U of 
crystalline type A botulinum toxin into the lower hindlimb of 
the rat produced a paralysis that lasted for several days. In 
contrast, injection of more than 1,200 U of type B neurotoxin 
was required to produce paralysis. The duration of paralysis 
was compared after injection of 20 U of type A or 5,000 U of 
type B toxin. Type A toxin caused paralysis for up to 7 days 
after injection, whereas type B toxin caused paralysis for 
only 3 days and twitching became evident at 5 to 7 days. It 
was also reported (104, 194) that pure type A neurotoxin was 
much more effective than type £ or F neurotoxin in eliciting 
lasting paralysis in the lower hindlimb of rats. 

Tetanus Toxin 

Tetanus toxin, like botulinum toxin, is produced by an 
anaerobic sporeforming rod that has a similar morphology to 
C. botulinum (86). Unlike botulinum toxin, tetanus toxin can 
enter into the central nervous system by retrograde intra- 
axonal transport through motor nerves (17, 81, 132). It 
causes uncontrolled spasms of voluntary muscles by block- 
ing the release of inhibitory transmitters including -y-ami- 
nobutyric acid and glycine (132). Tetanus toxin also has 
significant activity in decreasing acetylcholine release in 
cholinergic peripheral nerves when injected locally (54) and 
could possibly be used as an adjunct to or independently 
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from botulinum toxin for control of hyperactive muscles if 
the acquired immunity could be overridden. Tetanus toxin 
could also be used pharmacologically to transport sub- 
stances to the central nervous system (17, 18). The biochem- 
istry and pharmacological activities have been recently 
reviewed (17, 81). Here we consider aspects of the toxin that 
pertain to tetanus toxin production, stability, and potential 
use in medicine. 

Crystalline structure. Tetanus toxin was originally purified 
by PiUemer et al. in the 1940s by precipitation methods. 
They obtained toxin crystals by carefully carrying out re- 
peated precipitations in methanol and controlling the ionic 
concentration, pH, and toxin concentration (156). Tetanus 
toxin, like botulinum toxin, is a simple protein that does not 
contain lipid or carbohydrate (156, 165, 166). Unlike botuli- 
num toxin, tetanus toxin does not occur complexed with 
protecting proteins and will not survive gastric passage or 
cause food poisoning in biimans. 

Although crystals of tetanus toxin were obtained in the 
1940s by Pillemer et al. (156) from cold alcohol soltitions, 
crystallization was not confirmed by others for several 
years. More recently, two-dimensional crystals of tetanus 
toxin have been isolated from ammonium sulfote solutions 
after incubation for several weeks at 4°C (40, 167). Robinson 
et al. (167) obtained two-dimensional arrays of native tetanus 
toxin formed at the interface between a solution of the toxin 
and a phospholipid monolayer containing gangtioside. Crys- 
talline arrays were obtained only when all three components 
(toxin, phospholipid, and ganglioside) were present. The 
thFee-dimensional structure of tetanus toxin at 14-A (1.4-nm) 
resolution appeared as an asymmetrical thi-ee-lobed struc- 
ture that could interact with the phospholipid monolayer in 
two possible orientations (167). The analysis indicated that 
tetanus toxin is composed of differently shaped domains 
with different functions. 

Biosynthesis and activation of tetanus toxtn. Tetanus toxin 
is synthesized intracellulairly as a single polypeptide of 
150,00 that is released from the cells on autolysis and is 
then modified by proteases present in the medium (81, 88, 
89). The single-chain molecule is difficult to isolate (81), and 
proteolytic modifications of the toxin have caused consider- 
able difficulties in the accurate characterization of the mol- 
ecule. Single-chain toxin can be prepared from washed 
extracted bacterial cells (88, 162) and by inclusion of prote- 
ase inhibitors and use of specific purification procedures (7, 
165, 231). Purified preparations containing protease inhibitor 
can be stored for 4 to 6 weeks without proteolytic modifica- 
tions and loss of toxicity (165). 

Conversion of tetanus toxin to the nicked form increases 
toxicity (7, 81). C. tetani forms proteases that produce 
nicking in culture (231), but many other endoproteases will 
also activate the toxin (2). Three regions in the molecule are 
particularly susceptible to nicking (81, 129). Mild trypsin 
treatment of intracellular single-chain toxin yields two 
chains of about 95,000 and 50,000 M,. The modified tetanus 
molecule is strongly held together by noncovalcnt bonds, 
and reduction of disulfide does not result in separation of the 
chains. Strong denaturants such as urea or SDS (81, 166) or 
purification techniques such as isoelectric focusing (2, 231) 
are required to dissociate the chains. 

The H chain of tetanus toxin possesses a particulariy 
susceptible region that can be cleaved with proteases such as 
trypsin or papain, yielding two fragments (B and C) (2, 89). 
The isolated H and L chains and fragments B and C are 
poorly toxic compared with intact tetanus toxin (2). Ahnett- 
Hilger et al. (2) reported that the nicking sites contributing to 



toxicity are located within a region spanning no more than 17 
amino acids, and the N and C termini are not altered during 
the modification. The separated chains were reconstituted to 
active toxin. By reconstitution experiments, the L chain was 
demonstrated to possess the paralyzing activity in isolated 
nerve-muscle preparations. The H chain is required for toxin 
entry into the nerve tissues and for axonal transport (2), 

Large-scale proituction of tetanus toxin. Tetanus toxin is 
produced in deep culture by methods similar to those de- 
scribed for botulinum toxin. J. Howard Mueller, Pauline 
Miller, and associates at Harvard Medical School developed 
the methods currently used for production of tetanus toxoid. 
They experienced much frustration in obtaining consistent 
quality and the high titers of toxin required for toxoid 
demand (121, 142-144). They realized the importance of 
medium formulation in obtaining good-quality tetanus toxin, 
"If it were only possible to grow the tetanus organism on a 
medium containing only chemically defined substances of 
low molecular weight, it should become a relatively straight- 
forward matter to study and control the factors involved in 
toxin production, and to obtain a uniform product free from 
any possible antigenic tnaterial other than the specific sub- 
stance desired." (141). An extensive study was carried out 
to identify factors controlling tetanus toxin formation (143). 
On fractionation of components of the medium, the basis of 
good production was determined to be present in a pancre- 
atic digest of casein. The key to good toxin production by C. 
tetani was later determined to be limitation of histidine (144). 
Abundant free histidine drastically decreased toxin produc- 
tion, while its limitation strongly increased titers (144). Since 
histidine is required for growth of C. tetani, it was necessary 
to find a method to limit the nutrient without stoppjng 
growth. Mueller and Miller found that providing histidiiie- 
containing peptides (e.g., glycyl-histidine) or histidine esters 
(e.g., acetyl-histidine) stimulated toxin production. Latham 
et al. (117) developed a protein-free medium which is cur- 
rently used for tetanus toxin production. Mueller and Miller 
also isolated a high-producing strain (the Harvard or Massa- 
chusetts strain) (142) that is still widely used by many 
laboratories. 

Tetanus toxin synthesis was found to be repressed by the 
addition of excess amino acids to the medium (223). Mel- 
lanby (131) reported that glutamate addition to the Mueller 
and Miller growth medium decreased toxin formation but 
shortened the time necessary for autolysis. The results 
indicate that nitrogen nutrition controls toxin regulation in 
C. tetani. It is interesting that excess nitrogen also represses 
botulinum toxin synthesis in C. botulinum (119, 152). Carefiil 
acijustment of the levels of iron salts in the medium is also - 
necessary for good tetaniis toxin production (67, 142). The 
mechanisms of nutritional regulation and its importance in 
the biology of C. tetani and C. botulinum have not been 
further studied to our knowledge. 

Tetanus toxin, like botulinum toxin, is produced in highest 
quantities by nonsporulating cultures (85, 145). Highly tox- 
igenic cultures autolyzed thoroughly and did not form en- 
dospores during culture. During culture, tetanus toxin was 
present within the cell and was not released until cultures 
lysed (141, 162). As with C. botulinum, it appears that toxin 
formation is associated with autolytic growth and inversely 
associated with sporulation (145, 153). It would be of interest 
to determine whether specific transcription factors, e.g., 
sigma factors, regulate transcription of the toxin gene and 
whether these are preferentially expressed or activated in 
autolytic growth compared with sporulation. 

Genetics of tetanus tojdn. Tetanus toxin production has 
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been recognized as an unstable property for many years (68, 
142). Attempts were made early to correlate the toxigenicity 
with the presence of bacteriophage. Phages were induced in 
C. tetani by treatment with mitomycin C, but induction did 
not affect toxin production (159, 160). Nontoxigenic mutants 
were readily isolated at high frequency (0.8 to 3.2%) from the 
Harvard strain A47 by treatment with various mutagenic 
agents including yV-methyl-iV'-nititJ-Af-nitrosoguanidine, UV 
light, and rifampin (85). Hara et al. (85) found that cured, 
hontoxigenic strains still carried phages and proposed that 
plasmids could be involved in toxigenesis. Laird et al. (112) 
showed that toxigenicity was associated with the presence of 
a single large plasmid in 21 strains of diverse origin. Non- 
toxigenic derivatives were isolated, and each strain lost its 
plasmid. Two naturally occurring nontoxigenic strains were 
examined, and one was free of plasmids while the other 
contained a single large plasmid (112). The strains derived 
from the Harvard strain all contain a plasmid of 49 kb, which 
had identical restriction nuclease digestion patterns (112). 
By construction of a pool of nucleotide probes correspond- 
ing to the A^-terminal amino acid sequence of tetanus toxin, 
Finn et al. (69) located the tetanus toxin gene to plasmid- 
related sequences. Surprisingly, strains with deletions in the 
plasmid still hybridized to the probes, suggesting that toxin 
gene sequences were still present but were not expressed to 
active product. 

Eisel et al. (61) used a pool of oligonucleotides (heptade- 
camers) made up of all possible DNA sequences for N-tcr- 
minal amino acids 8 to 13 of fr^ment C of tetanus toxin and 
screened plasmid preparations from toxigenic and nontoxi- 
genic variants of the Harvard strain. Overlapping sequences 
that spanned the entire toxin gene were obtained from eight 
clones. The DNA fragments encoding tetanus toxin specified 
an open reading frame of 1,315 amino acids of 150,700 M,. 
The open reading frame begins with an initiation codon for 
methionine, but purified toxin, like botulinum toxin, pos- 
sesses proline at its N terminus and contains serine at the N 
terminus of the H chain (61). The molecular weigjits of the H 
and L chains calculated from the amino acid sequence are 
98,300 and 52,288, respectively. Partial sequences reported 
for peptide fragments from the L chain (166) arc only partly 
consistent with those obtained by nucleotide sequencing. 
The discrepancy may be caused by the extensive proteolytic 
processing that tetanus toxin undergoes following cell auto- 
lysis. 

Computer searches using the primary sequence of tetanus 
toxin have not revealed primary structural similarities with 
any proteins other than botulinum toxin. Analysis of the 
primary sequence has also provided evidence that tetanus 
did not evolve by duplication of sequences within the H and 
L chains, which was cariier suggested by the similarities in 
amino acid compositions of the H and L chains (217) and by 
immunological similarities probed with monoclonal antibod- 
ies (227). 

The availability of cloned tetanus gene fragments has 
enabled the production of tetanus toxin fragments for poten- 
tial use as vaccines. Makoff et al. (124) expressed tetanus 
toxin fragment C in E. coU as 3 to 4% of the total cell protein. 
However, the coding sequence for fragment C is A-f-T rich 
and contains several codons rarely used in E. coli. Produc- 
tion was improved by replacing the coding sequence by a 
sequence optimized for codon usage in E. coli (125). More 
efficient translation of the mRNA was the most important 
factor for the increased expression. When the modified 
coding sequence was combined with improved promoter 
strength, fragment C was expressed as 11 to 14% of the cell 



protein. Halpem et al. (83) cloned the sequence encoding 
fragment C and showed that the fragment expressed in E. 
coli retained ganglioside- and neuronal cell-binding activity. 
Recombinant fragment C was purified in one step by affinity 
chromatography. Recombinant fragment C was also irnaiu- 
nogenic in mice and elicited antibodies that protected against 
tetanus toxin challenge. The availability of recombinant 
fr^ment C should be useful for a variety of research 
applications and for production of toxoid. 

Pharmacological and medical applications of tetanus toxin. 
Tetanus acts primarily in the central nervous system and 
causes hyperactivity of the motor system and a spastic 
paralysis. Under specific conditions, tetanus toxin also in- 
hibits peripheral neuromuscular transmission, resulting in a 
flaccid paralysis (82, 130). Tetanus toxin resembles botuli- 
num neurotoxin in its structure and mode of action (81). 
Botulinum and tetanus neurotoxins have significant homol- 
ogy at the amino-terminal regions of the L and H chains, 
suggesting that at least, portions of the respective genes 
evolved from a common ancestral gene. 

Similarities in structure of tetanus and botulinum toxins 
have also been demonstrated an serological studies. Antibod- 
ies to type C botulinum toxin cross-reacted with other 
botulinum toxin serotypes and also reacted with tetanus 
toxin (149, 225). Tsuzuki et al. (225) found that a monoclonal 
antibody raised against botulinum toxin type E cross-reacted 
with botulinum toxin types B, Ci, and D and with tetanus 
toxb. Halpem ct al. (84) developed antibodies against de- 
fined regions of the tetanus toxin to identify regions shared 
by tetanus and botulinum toxins. Synthetic peptides that 
corresponded to different regions of tetanus toxin were 
prepared and coupled to bovine serum albumin, which were 
used to immunize mice. Eleven of 13 peptides elicited 
antibodies that reacted with tetanus toxin in an enzyme- 
linked immunosorbent assay. Of 10 anti-tetanus peptide 
antibodies that reacted well with tetanus toxin, 1 reacted 
with botulinum toxin types B, C„ and E but did not 
recognize type A. This antibody was made with a peptide 
corresponding to the amino-terminal end of the tetanus L 
chain, suggesting that this region is important in intoxication 
and that its structure is conserved in the two toxins. The 
antigenic region may be shielded in the native toxin but 
exposed on denaturation. Halpern et al. (84) also tested 
human tetanus immune globulin and mouse anti-tetanus 
serum for cross-reactivity with botulinum toxin, but none 
was detected. These results suggested that native forms of 
tetanus and botulinum toxins have little common surface 
antigenicity. Thh conclusion was also reached by Tsuzuki et 
al. (225), who prepared 306 monoclonal antibodies against 
the L chain of botulinum toxin type E and found that only 1 
reacted with the other botulinum toxin types and with 
tetanus toxin. 

Tetanus toxin has the unique ability to enter into the 
central nervous system through motor neurons. Because of 
the ability to travel up motor nerves, tetanus toxin or 
nontoxic fragments could provide a unique neurotropic 
agent to transport substances to the central nervous system 
(16-19). A 45-kDa nontoxic fragment, B-IIt, (fragment C), 
that bound to toxin-binding sites on neuronal cell mem- 
branes and transported retrogradely from the axonal endings 
within the muscle to the motoneural perikaria was isolated 
(19). Bizzini et al. (18) constructed hybrid molecules consist- 
ing of the neurotropic fragment C and the 1^^ fragment 
derived from tetanus toxin connected through disulfide link- 
age. The fragment was specifically carried to the central 
nervous system. Bizzini (17) also reported that fragment C 
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could compete with rabies virus for attachment to binding 
sites on neuronal cells and affected the rate of spread of 
rabies virus. Cloning and expression of high levels of frag- 
ment C should lead to further studies of targeted delivery to 
the central nervous system and possibly to control of virus 
infections. 

Tetanus toxin also can act peripherally, causing a flaccid 
paralysis in the manner that characterizes botulinum toxin 
(54). H chains of both botuUnum and tetanus toxins form 
channels in lipid bilayers (94). The fragment of the . H 
chain of tetanus toxin was found to antagonize the action of 
botulinum toxin in phrenic nerve-hemidiaphragm prepara- 
tions (201, 202). Tetanus toxin is about 2,000 times more 
toxic at centra inhibitory nerves than at peripheral synapses 
(12, 54) and is about 1,000 times less toxic than botulinum 
toxin type A at the myoneural junction (82). Dreyer and 
Schmitt (55) proposed that tetanus toxin and botulinum toxin 
type A act at different sites in nerve inhibition of transmitter 
release. Botulinum toxins type B (74, 195), D (54), and F 
(104), but not A (74), appeared to act in a similar manner to 
tetanus toxin in affecting transmitter release from the myo- 
neural junction. The combination of botulinum and tetwus 
toxins or the construction of chimeras could potentially be 
used to control neurological disorders. 

MICHOBIAL NEUROTOXINS THAT ALTER 
VOLTAGE-GATED SODIUM CHANNELS 

Other microbial neurotoxins impair muscle activity in a 
way different from botulinum and tetanus toxins by their 
effect on the action potential at the sodium channel of a 
nerve axon. Saxitoxin and tetrodotoxin are two classical 
examples of microbial neurotoxins that block or close the 
passage of sodium ions through the channel. Toxins pro- 
duced by other dinoflagellates also produce changes in the 
action potential at the sodium channel and are briefly de- 
scribed below. 

Saxitoxin is a potent rapidly acting neurotoxin produced 
by the marine dinoflagellate Gonyaulax catenella (206) and 
some bacteria (102, 122). Like botulinum toxin, it was first 
observed as a food-borne toxin, causing food poisoning that 
occurred only at certain times from consumption of mussels, 
clams, and some other shellfish that are plankton feeders. 
Consumption of toxic shellfish results in symptoms de- 
scribed as .munbness of the lips and fingertips within a few 
minutes followed by a progressive paralysis of the arms and 
legs along with the development of labored breathing and 
asphyxia. Death may occur within 2 to 24 h, depending upon 
the dose, from respiratory paralysis. After survival for 24 h 
the prognosis is good, and no lasting effects of the toxin have 
been observed. The oral dose that causes death from acci- 
dental consumption of toxic shellfish by humans is 1 to 4 mg 
(5,000 to 20,000 mouse units) depending upon the age and 
physical condition of the patient. A mouse unit (MU) is 
defined as the minimum amount needed to cause the death of 
an 18- to 22-g white mouse in 15 min, which is usually the 
maximum time in which death will occur (174, 205). 

Saxitoxin was first purified and crystallized by Schantz et 
al. (172, 179), and its structure was determined by X-ray 
crystallography by Jon Clardy (175). Purified saxitoxin is a 
very hygroscopic water-soluble toxin and is described chem- 
ically as a tetrahydropurine base with pK,s at 8.5 and 11.5. 
It has a molecular weight of 299 as the free base. It has no 
UV absorption above 210 nm. As the dibydrochlbride salt it 
is a white solid that is stable in acidic solution but loses 
activity above pH 7. The paralyzing action of saxitoxin or its 



binding at the receptor of the sodium channel depends upon 
the presence of a hydrated ketone group in a particular 
position in the molecule. Reduction of this group to the 
alcohol results in the loss of over 99% of the binding andi 
paralyzing activity. 

The neurotoxic action of saxitoxin is due to its specific 
binding, even at extremely low concentrations (10~' M), at 
the sodium channel of excitable membranes and preventing 
the passage of sodium ions through the sodium channel, thus 
blocking an impulse. The action or binding is concentration 
dependent, and binding is reversible. Controlled application 
of the toxin has been suggested as a possible local anes- 
thetic. The effective dose in animals is relatively close to the 
lethal dose, as indicated by the steepness of the response 
curve, and pharmaceutical companies have not pursued its 
use in humans. However, when saxitoxin is mixed in small 
amounts with many classes of anesthetics, the effectiveness 
of the anesthetic action is greatly extended (1). The addition 
of 1 (jLg of saxitoxin to a 1% solution of a typical anesthetic 
(1 part in 10,000) such as procaine increased the time of 
effective action two- to threefold (1). The result is not an 
additive one (1). The addition of saxitoxin to procaine as well 
as to other anesthetic compounds will also reduce the dose 
required to obtain a desired effect. The reason for this 
unusiual action of saxitoxin with anesUietic compounds has 
not been fully explained, but the molecule must play an 
important part in nervous fiinctton in the presence of other 
substances tiiat act on the nervous system. Saxitoxin and 
tetrodotoxin have been important in the establishment and 
characterization of the sodium channel in myelinated and 
unmyelinated nerve membranes (90, 93, 102. 163, 164) and 
for the study of related diseases such as multiple sclerosis. 

Another species of dinoflagellates, Gonyaulax tamarensis 
var. excavata, produces saxitoxin substituted with sulfate 
and sulfonic acid groups (63, 102). These substituted toxins 
have a lower specific toxicity or binding at the sodium 
channel than saxitoxin does, but they should not be over- 
looked for possible medical use. 

Tetrodotoxin was originally found in the roe, ovaries, and 
liver of the puffer or globe fish (Tetfaodontidae) caught in the 
western Pacific ocean and was at first believed to be exclu- 
sively produced by this fish. More recently it has also been 
found in various other animals including the California newt, 
octopus, and frog (234) and in marine bacteria (51, 199, 220, 
235). Dinoflagellates have been proposed as the original 
source of the toxin in puffer fish, which acquire it through the 
food chain (234). 

The action of tetrodotoxin is like that of saxitoxin in 
blocking the sodium channel of excitable membranes of 
nerve and muscle tissue. In fact, it has been shown that both 
tetrodotoxin and saxitoxin block the inward current of 
sodium ions at equally low concentrations of 10~' to 10~* M 
and occupy the same receptor sites at the sodium channel 
(63, 103). The basic structure of tetrodotoxin is markedly 
different fix>m that of saxitoxin and is chemically described 
as aminoperhydroquanizoline, with a molecular weight of 
319. Although the two toxins are basically different in 
structure, they may be similarly classified as heterocyclic 
guanidines because of the guanidium group common to each 
toxin. Kao and Nishiyama (103) first proposed that the 
guanidinium moieties of each toxin might enter at the sodium 
channel like guanidine and that the bulk of the remaining part 
of the molecule prevented the passage of the sodium ion. 

Although this hypothesis may be consistent with many 
aspects of the action of the toxins, it appears that the 
chemical makeup of the molecule as well as the guanidine 
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group is involved. The reduction of the hydrated ketone 
group to an alcohol in the saxitoxin molecule completely 
destroys its effectiveness as a blocker of the sodium channel, 
and changes in the structure of tetrodotoxin also affect its 
bonding (102). The purpose here is to point out in a general 
way the nature of the two toxins and how they might affect 
the action of other toxins used for treatment of hyperactive 
muscles. The fact that saxitoxin enhances the action of local 
anesthetics has raised some thoughts on the relaticHi of one 
toxin to another on an excitable membrane. Reviews fay 
Catterall (36), Kao et al. (102, 103). and Borison et al. (22) 
give detailed descriptions of the action of the microbial 
neurotoxins saxitoxin and tetrodotoxin (binding site 1 at the 
sodiumxhannel) and compare them with neurotoxins from 
other nonmicrobial sources that affect the sodium channel, 
such as veratridine, aconitine, batrachotoxin, grayanotoxin, 
and the low-molecular-weight basic polypeptide toxins iso- 
lated from scorpion venoms, fish-hunting cone snails, and 
sea anemone nematocysts (binding site 2 at the sodium 
channel). These reviews point out the various mechanisms 
by which toxins might affect the nervous system via action at 
the sodium channel. From the proposed action it seems 
reasonable to assume that there may be value in the use of 
combined toxins for control of nervous activity. 

It is quite interesting that the action potential at the 
sodium diannel is also afifected by certain substances, such 
as guanidine and 3,4-diaminopurine, that reverse or bypass 
the blocking action of botuiinum toxin. Although these 
substances are not particularly good antidotes for the toxin, 
their action indicates a relationship between the action 
potential at the sodium channel and the liberation of a 
neurotransmitter at the nerve ending. One might assume, 
therefore, that substances such as saxitoxin, tetrodotoxin, or 
others that alter the action potential at the sodium channel 
should warrant further investigation for possible medical 
application. Guanidine, an effective substitute for sodium in 
action potential generation in excitable membranes (93), is 
also reported to relieve symptoms of botulism (39), suggest- 
ing that there may be interactions of toxins at the myoneural 
junction, a field that warrants further study. 

Besides the microbial neurotoxhis described thus far, 
there arc other, less well understood microbial neurotoxins 
that may be found valuable for nerve and muscle control 
mainly because of their action at the sodium channel. 
Gymnddinium breve, a marine dinoflagellate responsible for 
the Florida red tides and the tremendous fish kills in that 
area, produces several toxins, two of which are neurotoxins 
designated brevitoxins A and B, that have some action at the 
sodium channel (22). These two toxins are lipid-soluble 
polyethers with a molecular weight around 900. Brevetoxin 
A has an indirect action on the sodium channel in that it 
enhances channel activity in the presence of toxins that bind 
to receptor site 2 at the sodium channel, but not to receptor 
site 1. 

Gambierdiscus toxicus, a tropical reef-dwelling dinoflagel- 
late, produces several toxins, including one designated cigu- 
atoxin, which opens voltage-dependent sodium channels in 
cell membranes (186). This toxin is a tipid-solublc polyether 
with a molecular weight of 1112 and is concentrated as it is 
passed up the food chain to large predatory reef fish con- 
sumed by humans. The disease in humans affects both 
gastrointestinal and neurological systems. The neurological 
symptoms usually begin within 24 h and may last a month or 
more, indicating nerve blockage or damage requiring regen- 
eration of nervous tissue. Afflicted persons experience cif- 



cumoral paresthesias, paresthesias or paralysis of the ex- 
tremities, and muscle pain. 

Natural blooms of the freshwater blue-green alga (cyano- 
bacterium) Aphanizomenon flos-aquae which occur period- 
ically in lakes of the northern United States and cerjfeiin 
provinces of Canada have caused poisoning of farm animals 
from drinking the water. This organism produces several 
toxins including saxitoxin and neosaxitoxin. Another species 
of this group, Anabma flos-aquae, produces a substance 
that affects acetylcholine receptors in muscle membranes 
(35, 97). Some mycotoxins affect the nervous system in 
various ways. Slaframine, upon biological conversion to a 
quaternary amine, causes excessive salivation in farm ani- 
mals and acts similarly to acetylcholine (30, 41). These 
organisms and other microorganisms produce other neural 
toxins, but little is known of their action and importance in 
pharmacology and physiology. 

CONCLUSIONS 

Butulinum toxin type A has been found useful for the 
treatment of many hyperactive muscle disorders by intra- 
muscular injection, and the FDA has licensed the toxin for 
treatment of strabismus, blepharospasm, and hemifacial 
spasm. It is the first microbial toxin to be used for human 
treatment. Because it is injected into humans, purity is of 
prime importance and, therefore, during the production by 
culturing and purification, it must not be exposed to any 
substances that might be carried in trace amounts to the 
crystalline toxin and cause undue reactions in the patient. 
Injection of the toxin into muscle tissue has opened a nfew 
field of investigation into the action of the toxin on muscle 
and nerve tissue and has been beneficial to many humans 
who suffer from dystonias. 

Types of botuiinum toxin other than type A toxin and 
perhaps tetanus toxin may be useful for human treatment if 
patients develop immunity to type A toxin. Saxitoxin stim- 
ulates and prolongs the action of k}cal anesthetics, suggest- 
ing the use of combined toxins for human treatment. Some 
microbiological toxins are described for possible use alone 
or combined with botuiinum toxin for medical treatment. 
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The available amino acid sequences of 150-kDa bot- 
ulinum and tetanus neurotoxins show the presence of 
a closely homologous segment in the middle of the light 
chain (NHa-terminal 50 kDa>, which is the intracellu- 
larly active portion of the toxin. This segment contains 
the zinc binding motif of metalloendopeptidases, 
HEXXH. Atomic adsorption analysis of botuUnum neu- 
rotoxins (serotypes A, B, and E) made on the basis of 
this observation demonstrated the presence of one zinc 
atom/molecule of 150-kDa neurotoxin. Conditions 
were found for the removal of the zinc ion with chelat- 
ing agents and for the restoration of the normal metal 
content. The conserved segment, which includes the 
zinc bindii^ motif, was synthesized and shown to bind 
t«Zn]»*. 

Chemical modification experiments indicated that 
two histidines and no cysteines are involved in Zn^ 
coordination in agreement with a probable catalytic 
role for the zinc ion. The present findings street the 
possibility that Iwtulinnm neurotoxins are zinc pro- 
teases. 



Botulinum neurotoxins (BoNT)' are produced in seven 
different serotypes (A, B, Cl, D, E, P, and G) by Clostridium 
botuUnum and fay other species of the same genus (Simpson, 
1989; Hatheway, 1990), They are the most potent bacterial 
protein toxins. All the clinical symptoms of botulism, includ- 
ing the flaccid paralysis, are due to BoNT, which blocks 
acetylcholine release at the neuromuscular junction. Their 
enormous potency has been attributed to their neurospeci- 
ficity and to a yet unknown intracellular enzymic activity as 
it is the case for all bacterial protein toxins with cytosolic 
targets (Simpson, 1989; Alouf and Freer, 1991), 

BoNTs are produced as 150-kDa single polypeptide chains. 
Proteolytic cleavage within a narrow region generates a two- 
chain form of BoNT composed of an H chain (100 ItDa) and 
an L chain (50 kDa) held together by a disulfide bridge and 
noncovalent bonds (Fig. 1). The two-chain form is generally 
more active than the single chain (DasGupta, 1989). The H 
chain is responsible for the neurospecific binding of BoNT to 
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peripheral nerve cells and presumably also for the cytosolic 
translocation of the L chain (Montecucco, 1986; Niemann, 
1991). The L chain is the intracellulariy active portion of the 
neurotoxin that blocks neuroexocytosis {Poulain et ai, 1988, 
1990, 1991). However, despite all efforts, neither its intracel- 
lular mode of action nor its target is yet known. 

We suggest here the possibility that BoNTs are metalloen- 
dopeptidases. This suggestion is based on the following find- 
ings. All clostridial neurotoxins, whose sequences are avail- 
able, contain the zinc binding motif of zinc endopeptidases. 
Consequently, we investigated the possibility that BoNTs are 
metalloproteins by measuring the metal content of serotypes 
A, B, and E. These three serotypes were chosen because they 
are most frequently involved in human botulism (Hatheway, 
1990) and are available as highly pure preparations. We found 
that indeed one atom of zinc is bound per molecule of BoNT, 
this binding is reversible, and histidines are involved in zinc 
coordination, as in all zinc endopeptidases. 

MATEBULS AND METHODS 

Purification of Neurotoxins and Related Fragments 
BoNT serotypes A, B, and E were produced and purified as previ- 
ously described (DasCupta and Rasmussen, 1983; DasGupta and 
Sathyainoorthy, 1984; DasGupta and Woody, 1984). Serotypes A and 
E were in two-chain and single chain forms, whereas serotype B was 
essentially single chain. BoNT/B and BoNT/E were nicked with L- 
l-t08ylamido-2-phenylethyl chloromethyl ketone-treated trypsin 
(Serva) as described by Sathyamoorthy and DasGupta (1985), and 
the cleavage was blocked by adding a 4-fold excess of soybean trypsin 
inhibitor. 

The H and L chains of serotype A were separated and purified as 
reported previously (Sathyamoorthy and DasGupta, 1985). The 50- 
kDa carboxyl-termina! half of the H chain (He) and BoNT serotype 
A and the remaining 100- kDa fragment (L-Hn, the L chain, and the 
50-kDa NHj-tcrminal half of the H chain) were isolated following a 
procedure developed by Gimenez and DasGupta.'' 5.0 mg of BoNT 
serotype A diluted to 0,5 mg/ml in 50 mM ammonium acetate, pH 
4.L, was digested with pepsin (1:30, w/w) for 30 min at 35 "C. The 
reaction was blocked by adding 2 m Tris chloride, pH 8,8 (final 
concentration, 100 mM), and 1 itg/ml pepstatin. The reaction mixture 
was dialyzed extensively against 20 mM sodium phosphate, pH 8.0, 
and applied to a DBAE-Sephadex A-50 column 1.5 x 6.0 cm) equili- 
brated in the same buffer. He was recovered in the void volume, and 
the L-Hn fragment was eluted with a linear gradient of increasing 
sodium chloride; both were precipitated by ammonium sulfate <39 g/ 
100 ml). Concentrations of He and L-Hn were determined from the 
absorbance at 278 nm using extinction coefficients of 1.7 and 1.27 
M"' cm"', respectively. 

IKphtheria toxin (DT) was prepared as described (Rappuoli et al., 
1983). 



* A. Gimenez and B. R. DasGupta, manuscript in preparation. 
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Determination c/ Metal Content 
Each material Cgla«»waie, dialysis bags, etc.) used in metal deter- 
mination experiments was previously linaed with Milli-Q grade water 
(conductivity > 10 megaohtns). Buffers were prepared with chemicals 
of the highest purity available with respect to the presence of heavy 
metals and pretreated with Amberlite MB-3 (Sigma). Before metal 
detennination, the neurotoxins and the fragments thereof were ex- 
tensively dialyzed at 4 'C against 150 mM Tris chloride, pH 7.4, or 10 
mM HEPES-Na, 100 mM sodium chloride, pH 7.0. Protein samples 
and dialysis buffer were analyzed for zinc, cobalt, copper, iron, man- 
ganese, and nickel with a Perkin-Elmer 4000 atomic abaoiption flame 
spectrophotometer with impact bed loading after standardization for 
each ion in the linear rangs of concentration (0-0.5 ppm for zinc, 
niclcel, and cobalt 0-1 ppm for copper; 0-5 ppm for iron and man- 
ganese). 

Zinc Removal and Reupte^ 
BoNT serotypes A, B, and E were diluted to 0.5-1.0 mg/ml with 
150 mM Tris chloride, pH 7.4, and incubated in the presence of 10 
mM Na-EDTA for 60 rain at 37 "C. Samples were dialyzed extensively 
against the same buffer without EDTA at 4 *C before zinc content 
was determined. Zinc reuptake was accomplished by adding 100 fiM 
zinc chloride dissolved in 150 mM Tris chloride, pH 7.4, to 'Za"'- 
depleted BoNT. After 60 min at 37 'C, the samples were extensively 
dialyzed against the same buffer without Zn"' at 4 'C, and metal 
content was determined. 

Diethyl Pyrocarbonate Modification 
Native and zinc-depleted BoNT serotypes A, B, and E, between 
1.5 and 2.5 ;tM in 50 mM sodium phosphate, pH 7.8, after fibration 
through a 0.22-Mm filter (Anotec, Oxford, United Kingdom), were 
treated with DEPC in three consecutive additions of a 35-fold molar 
excess of reagent with respect to the toxin. DEPC was taken from a 
freshly prepared solution in absolute ethanol. The reaction was car- 
ried out at 25 'C and was monitoired by simultaneous recording of the 
differential absorbances at 243 and 278 nm as previously described 
(Miles, 1977; Papini et aL, 1989) in a Perkin-Blmer Lamda 6 spectro- 
photometer. Modifications of histidine and tyrosine residues were 
estimated based on a differential extinction coefficient of 3,200 
cm"' at 243 nm for AT-carbethoxyhistidine and of -1,310 m"' cm"' at 
278 nm for O-carbethoxytyroane. 

Titration of Free ThM Groupe 
Kative or zinc-depleted BoNT serotypes A, B, and E, 1 fiM in de- 
aerated 60 mM sodium phosphate buffer, pH 7.8, were incubated with 
0.4 mM 5,5'-dithiobi8-(Z-nitrobenzoic acid) at 25 °C. The absorbanee 
at 410 nm was determined against a blank without neurotoxin. Based 
on a molar absorptivity of 13,600 M"' cm"' at 412 nm for the 2-nitro- 
5-thiobenzoate anion, sulfhydryl content was calculated as moles of 
free thiol groups/mol of BoNT (Eilman, 1959; Schlavo et oL, 1990). 

Pittite Synthesis 
The segment of BoNT serotype B, which spans 15 residues (226- 
240, HaN-Ile-Leu-Met-His-Glu-Leu-Ile-His-Val-Leu-His-Gly-Leu- 
Tyr-Gly-COOH) was prepared by solid phase synthesis with a SMPS 
350 automatic synthesizer (Zynsser Analytic, Frankfurt, Germany) 
employing Fmoc (JV-(9-fluorenyl)methoxycarbonyl) chemistry. The 
prc^uct was detached from the resin with 93% trifluoroacetic acid 
purified by high pressure liquid chromatography on a Vydac C18 
column (Vydac, CA), and its amino acid sequence was verified by 
automatic Edman degradation on an Applied Biosystems microse- 
quenator (model 475A). 

Determination, of f^Zn}^ Binding 
Zinc Overlay— 0.^20 pmol of BoNT serotypes A and E in their 
native and zitic-depleted forms, before and after DEPC treatment (as 
mentioned above), as well as 20-600 pmol of the synthetic peptide, 
were dot blotted onto nitrocellulose paper stripes (porosity, 0.22 too) 
(Hoefer, CA). The same amount of diphtheria toxin was dot blotted 
as the control. The stripes were rinsed for 5 min in 25 mM Tris 
chloride, pH 7.5, containing 100 mM sodium chloride and then incu- 
bated for SO min at room temperature in the presence of 50 nM 
'"ZnCla (Amersham, U.K.) (specific activity, 575 mCi/n^ sine) in the 
same buffer. Unbound "ZnCIj was removed by washing the stripes 
six times with 25 mM Tris chloride, 100 mM sodium chloride, pH IJS. 



The amount of bound [^'Zn]'* was determined by exposing the dried 
stripes to Kodak X-Omat films at -80 "C. 

Gel Filtration Chromatography— 0.5 nmol of BoNT serotype E or 
1.2 nmol of DT were incubated with 1.15 ;tCi of "ZnCI, in 150 m1 of 
100 mM Tris chloride, 50 mM sodium chloride, pH 7.0, for 60 min at 
25 °C and then were aiiplted onto a Sephadex G-25 medium column 
(Pharmacia LKB Biotechnology Inc.) (100 x 8 mm), equilibrated, 
and ehjted with the same buffar. Void volume (4.0 ml) was determined 
with blue dextran (Pharmacia). 0.9-ml fractions were collected, pro- 
tein eluticn was monitored by UV absorption at 280 nm, and radio- 
activity was measured by counting in a Packard Multi-Prias Gamma 
counter. 0.5 fiCi of ["Zn]'* coeluted with the protein peak of BoNT, 
whereas background amounts were found in the DT peak. 

Flow Dialysis 

Binding of [™ZnJ** to the BoNTa was measured by the flow dialysis 
technique of Colowick and Womack (1960). The apparatus consisted 
of two cylindric chambers (10 mm diameter; volumes: upper chamber, 
1 ml; lower chamber, 0.18 ml) separated fay a dialjnris memfataiw. The 
toxins were preincubated fbr 45 h at 4 'C mth 0.3 ^tt (*%n]'^ The 
upper chamber routinely contained 1.7-2.7 BoNT and 0,3 nM 
I'^n]"* in a 400-^1 volume of 20 mM Tris-Cl, 120 mM NaCl, 0.1 mM 
CaClj, 5 mM MgClj, pH 7.45, at room temperature. The lower chamber 
was perfiised (0.6 ml/min) with the same buffer without zinc, and 
0.5-ml fractions were collected and counted in a Packard Cobra 
Autogamma 6003 counter. 1-2-m1 aliquots of ZnCU were added to the 
upper chamber every 6 fractions. 

Toxicity TesU 

The neuroparalytic activity of BoNTs was tested by intravenous 
injection into BALB/c mice as described by Boroff and Fleck (1966). 

RESULTS AND DISCUSSION 

Sequence Comparison— The cDNA-derived amino acid se- 
quences of BoNT serotypes A, B, CI, D, and E and from 
Cbatridium butyrieum as well as that of tetanus neurotoxin 
are known (EXsel et cd.. 1986; F^rvreather and Lyness, 1986; 
Hauser et al, 199(^ Binz et al, 1990a, 1990b; Niemann, 1991; 
Thompson et al., 1990; Poulet et aL, 1992). They show an 
overall low degree of homology with a few segments of close 
similarity. The most conserved segment among these clos- 
tridial neurotoxins, located in the central part of the light 
chain, is reported in the lower part of Fig. 1. The figure also 
shows that this segment includes the zinc binding motif of 
zinc endopeptidases (Vallee and Auld, 1990a). 

Metal Content of Botulinum Neurotoxins— The above ob- 
servaticHi suggested to us the possibility that also the BoNTs 
are zinc proteins. To determine the nature and amount of 
metals bound to BoNT, highly purified preparations of BoNT 
serotypes A, B, and E, each in the two-chain form (their SDS- 
polyacrylamide gel electrophoresis profiles are in Fig. 2A), 
were subjected to atomic adsorption analysis. Fig. 2B shows 
that all three BoNT serotypes contain approximately 1 atom 
of zinc/molecule of 150-kDa toxin. Nicking of the BoNT 
serotypes B and E did not modify significantly the metal 
content (not shown). Analysis of the two peptic fragments of 
BoNT serotype A showed that the zinc atom is bound to the 
100-kDa L-Hn fragment. The sine content of the 50-kDa 
carboxyl-terminal fragment He was below detection limit. It 
was not possible to determine the metal content of the isolated 
50-kDa L chains because separation of L and H chains re- 
quired urea and dithiothreitol (Sathyamoorthy and DasGupta, 
1985), which released the metal from the protein (not shown). 
Cobalt, copper, iron, manganese, and nickel were measured 
and found to be below detection limits. 

Results presented in Fig. 2B also show that the Zn""^ atom 
was removed by treatment with EDTA. The loss of Zn^-^ 
caused by EDTA was reversible because the zinc ion was 
reacquired by BoNT upon incubation in a Zn**-containing 
medium. On the contrary, Zn** reuptake by purified L chain 



Botulinum Neurotoxins Are MetaUotoxins 



23481 




BoNT ABE 



Zn/ BoNTCatom/mot) 



Fig. 1. Schematic structure of clostridial neurotoxins and 
sequence comparison of tlielr histidine-rich segment witii the 
zine binding motif of jnetalloendopeptidases. Clostridial neuro- 
toxins arc produced as a single 150-kDa chain which ia later cleaved 
by proteases at an exposed loop to generate the active two-chain 
toxin. 'The H clissin (H) can be further cleaved with pepsin generating 
the 50-kDa Hr fragment. The most conserved segment of the ae- 
nueiices of BoNT A, B, C, D, and E and of tetantis toxin {TeTs), 
located in the central pan of the L chain {L}, in aligned, and it is 
shown to contain the Zn^* binding motif of matrix raetslloproteases; 
/), hydrophobic; u, uncharged. Double dots indicate residue conserva- 
tion and sini^k dots indicate conservation of residue properties. 

of BoNT serotype A {the only L chain we have tested) was 
very low (not shown). This difference with the parent ,1 50- 
kDa molecule indicates a partial alteration of the Zn'* binding 
site of the L chain probably due to exposure to dithiothreitoi 
and urea during its separation from H chain and isolation. 

Zn"* was al«o removed, with lower efficiency, by diethyl- 
enetrianiine pentaacetic acid, a chelating agent specific for 
heavy metals (Arslan et ai, 1985). 0-Phenantroline and di- 
picofinic acid, which are frequently used as heavy metal 
complexing agents, caused protein aggregation and an irre- 
veKibte los-s of zinc. 

Zinc Coordination — The three-dimensional structures of 
three zinc metalloendopeptidases, thermolysin (Matthews et 
aL, 1972), Bacillua eereits nevitral protease (Paaptit et aL, 
1988), and Pseudamonoi aeruginosa elastase (Thayer et ai, 
1991), have been resolved by x-ray crystallography. In these 
enzymes, the Zn^* atom is bound via a tetrahedral coordina- 
tion with the two histidines of the motif HEXXH, white the 
glutamic residue binds a water molecule, which i& the third 
Zn^* Itgand. The fourth ligand is a glutamic residue that has 
been identified in bacterial zinc metailoeixdopeptidase but 
whose position is still to be determined in matrlK metali(»»- 
dopeptidases (Vallee and Auld, 1990a, 1990b) and in the 
clostridial neurotoxins. 

The role of histidines in Zn^* binding in the botulinum 
neurotoxin was tested with chemical modifscation «xperi- 
ments, DEFC is a protein-modifying agent specific for histi- 
dines, which are convert.ed to iV-carbethoxyhistidines with a 
characteristic absorbance at 243 nm (Miles, 1977). Figure 3 
shows that a different number of histidine residues was mod- 
ified per molecule of the three toxins. This is related to the 
different histidine contents of the three BoNTs (13, 7, and 14 
for serotypes A, B, and E, respectively) and to their accessi- 
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Fig. 2. Zinc content of botulinum neurotoxins A, B, and E. 
A, SDS-polyacrylatnide gel electrophoresis and Coonsassie Blue- 
stained samples of BoNT serotype A (.loM A), B (hne B), atid E 
(lane E). B, amounts of zinc bound to the dichain form of BoNT 
serotypes and to the two peptic fragments of BoNT/A, 100-kDa L- 
Hn, and 50-kDa lit-, before or after F.DTA treatment, measured by 
atomic adsorption (details under "Materials ond Methods'"), N, native 
BoNT; EDTA. BoNT treated with EDTA and dialyzed; «. BoNT 
depleted of sane with EDTA, inctAated with 100 liU ZnClj, and 
dialyzed. Bars are +S.D. oft 




Fig. 3. Histidine titration with 0EPC of botulinum neuro- 
toxin serotypes A, B, and E before and after Xn'* depletion. 
A, the increase of absorbance at 243 nm indicates the proRressive 
formation of N-carbethoxyhistsdme; successive addition of DEPC, 
necessary because of rapid DEPC decomposition m water, is indicated 
by armwa. B, amount of DEPC-modifted histidines ui the three 
BoNTb tested here before (empty ban) and after (dotted ban) Zn»' 
removal. Bars are ±S.D. of at least three different experiments. 

biiity to DEPC. However, for each jietirotoxin, tvro additional 
histidines/BoNT molecule were modified when they were in 
their Zn^'-depleted form. Paralieily, there was no modifica- 
tion of tyrosines as monitored at 278 nm. 

This resiilt indicates that (i) the Zr?* ion of BoNT protects 
two histidine residues from DEPC modification and (ii) these 
two histidines become accessible to DEPC when the zinc atom 
is absent. Each of the three BoNTs was unable to regain the 
Zn"* atom after Zn=* depletion and DEFC modification (see 
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below). It was not possible to test the effect of Zn** depletion 
on the neuH^ralytic activity of BoNT because of the tevers- 
ibiUty of Zn** depletioa aad because Za'*-undepleted and 
DEPC-modified BoNT is ao loBger toxic (not shown). 

Cysteine riaidues coordinate Zn,** ia several proteins in 
which the zinc atom plays ft structural lole, such as in aspar- 
tate carbamoyltransferase, zinc finger proteins, and metallo- 
thioneins (Vallee and Auld, 1990a, 1990b). Titration of the 
sulfhydryl group of BoNT serotypes A, B, and E before and 
after Zn'* depletion gave the same value (not shown), thus 
indicating that cysteines are not implicated in zinc binding in 
BoNTs. 

These results are in agreement with the prediction, based 
on the sequence comparison of Fig. 1, that histidines, and not 
cysteines, are involved in Zn^* coordination. Moreover, they 
suggest that the zinc ion of BoNT piays a catalytic role as in 
all 7.iiic enzymes with hiatidine coordination (Vallee and Auld, 
1990a, l»9(fc). 

['^ZnP* Binding to BoNT <md the Syiahesiaed Peptide, 
Residues 226-240— To gain furUier evidence that the central 
segment of the BoNTs h chain is responsible for Zn** coor- 
dination, the peptide HjN-He^^-Leu-Met-His-Glu-Leu-ne- 
His-Val-Leu-Hi8-Gly-Leu-Tyr-Gly™-C00H, spanning the 
corresponding sequence of BoNT/B, which includes the pu- 
tative zinc biniBng motif, was synthesized. Results of dot blot 
experiments (Fig, 4) show that this peptide binds ["^Znf * and 
suggest that the conserved histidine-rich segment of BoNTs 
and tetanus toxin can take part in zinc wjordination. Fig. 4 
also shows that both the ainc-depleted (-Znr*) andtb^ native 
BoNT (+Zn''*) serotypes A and B bind [**Za]**. This indicates 
that bound zinc is exchangeable. This exchangs is not a 
peculiarity of the dot blot assay because it also occoired with 
BoNT in solution (Pig. 5). 

BoNTs depleted of zinc and subsequently treated with 
DEPC were unable to bind f'Znf (Fig. 4), whereas a paraUel 
DEPC treatment of the native BoNT did not affect its abihty 
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Fig. 9. SSinc exchange on botullitum neurotoxin mrotyp^ E. 
ElutioB of BoNT/E or diphtheria toxin from a Sephadex Q-2S column 
after incubation of the toxins with 200 pM *ZnClj for 60 iiiin at 2S 'C. 
The broken lines show absorhance at 2S0 ntn, and the mntinmus 
iinei report the amount of radioactivity associated to the various 
feaelions. A, BoNT Sierotype E; B, diphtheria toxin. Under the present 
coaditioiw, 45% of added [^nf * coeluted with the BoNT pealc, and 
practically none coeluted with the diphtheria toxin peak. 

Table I 

flam dialysis and Scatchard analysis for C^Zn/"* bindm to 

BoNT/ A, B, and £ 



ioNTA BoNT'E 

. . -Zn" -Zn" 
-2n" -Zn" OEPC 'Zn " -Zn"0EPC pMoi,, 

mm c mm 

0,6 




so o,e 

FlO. 4. [*"2nl"* tnndim^C to botulinum neurotoxuts A and E 
and to the hiatidine'rioh conserved peptide 226-240 of BoNT/ 

B. Protein (0.6-20 pmol) or peptide (20-600 praoi) samplea, blotted 
onto nitroceliuiosa paper, were incubated in 50 nu '^nCti. After 
washinss, the paper strips were dried and autaradiographed. Samples 
are as follows: +Zn**, native BoNT; -Zn**, BoKT treated with 
EDTA and diaiyzed; -Zrt** DEPC, BoNT treated with EDTA, di- 
alyzed, and treated with DEPC; peptide, peptide 226-240 of BoNT/ 
B not treated (-) or treated (+) with DEPC (details under "Materials 
and Methods"). Native BoNT treated with TMPC binds ['"Zn]''* as 
the untreated control (+Zn**) (not shown). DT refers to samples of 
diphtheria toxin. 



Toxin Kn n Kg n 

' nM i^M 
BoNT/A« 60-80 1-1.1 1.1-1.4 Z.2-3.I 

BoNT/B* 90-100 0.7-1.1 1.6-2.2 i.9-2.6 
BoNT/E" 8 0-ISO 1 1.4-2.4 2.5-3.0 

" Ratige of values found in three different experioients, 
' Ftange of values found in two different experiroents- 

to exchange the Zn'" atom (not shown). This result indicates 
that hi.stidines are involved in zinc coordination in BoNT. 
The dot blot assay used here appears to be very specific since ■ 
diphtheria toxin, which has three histidines interspaced by 
three residue.? (His'^^-X-X-X-His-X-X-X-His^), does not 
show any sign of [^nf* binding (Fi^. 4 and 5), 

Affinity of Zinc Binding to BotuUnum Neurotxmm—fhe 
affinity of zkac binding to the three BoNTs was assayed by 
«|uilibrium dialysis, employing i^Zn f* as tracer (Colowick 
and Womack, 1969; Papini et al, 1989). Table 1 shows that 
the three BoNT serotypes bind zinc very similarly. The three 
BoNTs have a single high affmity bindhig site (n close to 1) 
with comparable Ka values and also show multiple lower 
affinity sites that are not occupied in the ptuified toxins to 
account for the above described atomic adsoiption data. 

Concfeiswns— The present paper demonstrates that botuli- 
num neurotoxins (serotjo^es A, B, and E) contain one atom 
of zinc/molecule of 150-kDa protein and that the Zn^* atom 
can be reversibly removed with EDTA, This work also shows 
that histidinea, and not cysteines, are involved in metai co- 
ordination, thus suggesting that the zinc atom plays a catalytic 
rather than a structural role (Vallee and Auld, 1990a, 1990b), 
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Comparison of amino add sequences and ["Zn]" binding 
experiments suggests that the histidine-rich segment, con- 
served among clostridial neurotoxins, is involved in dnc co- 
ordination. This segment contains the zinc binding motif of 
metalloendopeptidases, including the glutamic residue di- 
rectly involved in catalysis (Matthews, 1988). All of the three 
BoNTs assayed here show a single high affinity binding site 
for zinc with dissociation constants in the 40-100 nM range 
and multiple lower affinity binding sites. 

Clostridia produce a variety of zinc endopeptidases (Bond 
and Van Wart, 1984), and, on the basis of our observations, 
it is tempting to speculate that clostridial neurotoxins have 
arisen by fusion of a gene coding for a metalloprotease with 
that of a protein highly specific for binding to the presynaptic 
membrane. The metalloprotease activity, confined in the L 
chain, could thus be delivered inside the neuronal cell and act 
on a specific peptide bond(8) of a component involved in the 
control of neurotransmitter release. 

The possibiUty that botulinum neurotoxins are zinc endo- 
peptidases readdresses the research aimed at the discovery of 
the molecular pathogenesis of botulinum. For example, several 
site-directed mutagenesis experiments can be designed and 
the product can be tested for activity in Apfysia neurons 
(Poulain, 1988, 1990, 1991) or in permeabilized PC12 cells 
(Lomneth et ai, 1991). Mutation of the glutamic residue of 
the motif is expected to delete the BoNT-induced inhibition 
of neuroexocytosis. Indeed, chemical modification of about 
two carboxyl groups of BoNT serotype A and E causes detox- 
ification (Woody et al., 1989). A lower or nonexistent activity 
is also expected for the mutants at the two histidines of the 
motif as well as at the third zinc l^and residue, which we 
propose to be either Glu"'" of BoNT/A (Glu'*' of BoNT/B 
and Glu='" of BoNT/E) orGlu*" of BoNT/A (Glu™'of BoNT/ 
B and Glu^^ of BoNT/E) on the basis of their conservation 
among all clostridial neurotoxins. 
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Botuliniim. Type A Toxin : Properties of a Toxic Dissociation 
Product 
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Intkoduction 

Tliis paper will be devoted to a description of the properties of a sub- 
stance which makes its appearance when solutions of type A botulinum 
toxin are brought to pH 7.5. At this pH value the greater part of the 
toxin forms a diffuse, rapidly eedimenting boundary in the ultraeentri- 
fuge, while about 14% sediment much more slowly (7). Partial separa- 
tion of this slowly sedimenting component having been accomplished in 
the preparative rotor of the ultmeentrifuge (7) it became possible to 
compare its properties with those of the parent substance. Among the 
results to be reported here, particular significance must be ascribed to the 
demonstration that the slowly sedimentii^ component represents a fully 
active form of the tcada whidi is free from the hemagglutiniii commonly 
ajasociated with it. 

MATEBIALg AND MsXHODS 

BoMimin Toxin 

Two Bpeeimens of tojdn were used in the experiments reported below. These, 
which will be designated preparations e and /, were both obtained from a single 
batch of toxin solution purified by the method of Abrams, Kegeles, and Hottle (1) . 
Preparation e was the material precipitated at 6°C. by 0.8 M ammoniuDi sulfate 
and Prepn./ waa obtained when the ammonium sulfate concentration in the mother 
liquor from Prepn. « was increased to 1.2 M. Both preparations were crystalline. 
In the anaJytical ultraeentriluge, a 1.6% solution of Prepn. e in 0,05 M acetate 
buffer, pH 3^, formed a sharp boundary of sedimentation constant, ^ of 9.5 
which accounted for at least 95% of the sedimenting material while the remaining 
5% or so appeared as a faint boundary which moved much more rapidly. Under 

I The material herein presented will form part of a forthcoming Fh J>. thesis 
by Jack Wagman, Georgetown Univeraity, Washington, D. C. 
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similar conditions a 1.2% solution of P*cpn. / showed a major boundary of sedi- 
mentation constant 12.5, together with subsidiary boundaries with sedimentation 
constants 17.4 and 11.7 representing somewhat larger proportions of the sediment- 
ing material than ths subsidiary component in Frepn. e. In each of these prepara- 
tions, the value of for the main boundary was in good agreement with data 
given by Wagman and Batenuin (7) on the concentration dependence of the sedi- 
mentation constant for a monodisperse preparation at pH 3.8-4.0, which, by linear 
extrapolation of l/s, yielded a value of 16.5 for sJi at zero concentration. When 
brought to pH 7.5 by dialysiB against 0.05 M phosphate buffer, the two prepara- 
tions had the properties summarized in Table I. Since the presence of a slowly 
sedimenting component waj9 established, in confirmation of the results reported 



TABLE I 

Sedimentation Data for FraetUma of Botviinum Type A Toxin Formed 
at pH 7.S 



Ftepantioo* 


Concn.' 




10»i* 




(./lOO ml. 




% 










e 

1 Original 


0.520 


16 


7S 


7 


7.3 


21.8 


29.2 


2 Upper-half supernatant 


0.038 


100 












3 Lower-half 


0.118 


68 






6,9 


19.7 




4 Rediasolved pellet 


0.686 


9 


82 


9 


6.9 


21.4 


25.4 


/ 
















1 Original 


0.400 


25 


76 




6.6 


21.7 




2 Upper-half supernatant 


0.076 


100 






3.7 






3 Lower-half 


0.206 


91 


9 




4.7 


18,7 




4 Redissolved pellet 


1.498 


8 


92 




7.4 


18.9 





° For key to preparationis see text, "MatenalB and Methods." 
Determined refractometrically, using specific refractive index increment 
1.86 X lO-'. 

• Concentration too low and boundary too diffuse for' calculation of ». 



by Wagman and Bateman (7) for another toxin preparation, it was appropriate to 
proceed with fractionation of Frepns. e and / in the preparative rotor. 

UUracmlrifugal Fractionation 
The toxin solutions, after having been brought to pH 7.5 by dialysis against 
0,06 M phosphate buffer, were centrifi^d for about 3 hr. in the preparative rotor 
of the model E Spineo ultracentrifuge at an average field strength of 150,000 X g. 
The toxin concentration was about 1%, the volume centrifuged was 10 ml., and the 
average temperature was 20°G. After centrifuging, the supernatant solution was 
divided into upper and lower halves, and the gelatinous pellet was redissclved in 
ph<Hphate buffer, pH 7.6. 
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Sedimmtatim and Diffusion Studies 
Sedimentation constants were detewnined using the analytical rotor of the 
model E Spinco ultraoentrif uge. The records were analyzed for afldimentation con- 
stants and relative concentrations of components. Diffusion was measured at 
3.2°C. in a Claesson cell (4) with the schlieren optical system, and diffusion con- 
stants were calculated by the second -moment method. 

Eleetophoresis 

Electropboretic mobilities were measured in the Klett type of Tiselius appa- 
ratus, using the standard form of cell and a bath temperature of 3.2''C. 

Other Measurements 

Ultraoiokt abaorptMfi was measured in the BecJonan t3rpe StT spectrophotome- 
ter using the 1-cm. cell. 

Specific areas of monolayers of toxin were measured by spreading the toxin so- 
lution on 3% NaCl in the small film tray described previously (2) and measuring 
the area at a film pressure of 13 dynes/cm., using an "indicator oil" end point. 

Paper chromatographic amino acid analysis of ihe hydroiyzed fractions was per- 
formed by the metliod of Housewright and Thome (6) using both phenol and aque- 
ous ethanol as solvents. 

Toxicity for mice was determined by intraperitoneal injection of diluted toxin 
into 18-20 g. white mice. The tojdn was diluted with 1% disodium phosphate buffer, 
pH 8.3, oontfuning 0.2% gelatin. The volume injected was 0.5 ml. and six nsice were 
used for each dilution. The LDm was defined as the dose, in mg. N, which killed 
half the mice within 4 days. If dilutions are made in small steps in the region of the 
end point, the LDu can probably be detetmined with an accuracy of 10-20%. 

Hemagglutinatioji tiiers were read by the Lush pattern method as described by 
Buntet (3), using chiok red cells." 

Floeculc^on titers were determined using & crude antitoxic plasma (Lederle). 

EXPBBIMIIKTAL 

CMratAen&iMm of Fradiomted Toxin in the UUraceninfuge 
The fractionation procedure described above when applied to Preps, e 
and / afforded six specimens. The success with which the fractionations 
were carried out is attested by the result of examining the six specimens 
in the ultracentrifuge. In both experiments reported in Table I the upper 
half of the solution contained the slowly sedimenting component, in 
rather low concentration, virtually free from the rapidly sedimenting 
material that constituted nearly 80% of the starting solution. The lower 
half of the solution contained the slowly seduaaenting component con- 

* Brratum. In the previous paper by the present authors (7) it was erroneously 
stated that sheep red cells were used for hemagglutinin assay. Chiok cells were 
used throughout. 
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tamiuated with 32 % of heavy material in one case and with 9 % ia the 
other. The solutions made by dissolving the pellets contained 9 and 8 %, 
respectively, of the slowly sedimenting component. 

A marked progressive increase in the sedimentation constant of the 
light component of Prepn. / in passing from the upper layer of solution 
to the pellet provides further evidence of the polydisperse state of this 
component. There will also be noted in the same experiment discrepan- 
cies between the sedimentation constants of the heavy component of the 
various fractions. It should be mentioned in this connection that at pH 
7.5 the solutions become rather turbid and are clarified by oentrifuging 
prior to the performance of an analytical run in the ultraoentrifuge or of 

TABLE II 

Sedimmtcdion and Diffusion Data for Polydisperta Slowly Sedimenting 
Fraction Formed <U pH 7 J (Diasodated Toxin) 
Meaaiuemeiit m&de in 0.05 M phosphate buffer (lonio strength 0.13) 
(Solution /3, Table I) 

Sedimentation oonatant, IQ^sta (sec.) 
DiSuedou constant, 10'D» {sq. em./see.) 
Partial apeeific volume, V (aeaumed) 
Molecular weight, Jf" 
Friotional ratio, ///« 
Axial ratio, o/fi*'" 

" For a solution of concentration 0.206 g./lOO ml. 

* For an elongated ellipsoid of revolution. 
' The values of M, f/f„, and a/b are provisional since they are based on meaa- 
ured values of s and D and not on extrapolated values. 

any other test. Since the rapidly sedimenting component is polydisperse, 
precipitation would perhaps consist in preferential removal, by aggrega- 
tion, of the heaviest molecules, thus bringing about a displacement of 
the distribution curve of sedimentation rates in the direction of a de- 
creased average sedimentation constant. This may account for the 
tendency of the average sedimentation constant of the heavy component 
to decrease during the course of an experiment 

SedimmtaMon and Diffusion DcUa on Slowly Sedimenting Fraction 
Only one of the solutions (/3, Table I) was suitable for measurement 
of a diffusion constant. The results of this measurement, together with 
the data derived from it, are given in Table II. The average molecular 
weight, 71,000, for the slowly sedimenting component is probably some- 



4.> 
6.74 
0.76 
71,000 
1.14 
3.4 
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what too high, since the measured value of the diifusion oonstant may 
have been influenced by the presence of 9 % of the heavy component. The 
value is also open to slight correction when sufficient data become avail- 
able for extrapolation of s and D to zero concentration. 

OtJm Physicochemicfd Properties of Fractions 
Solution /3 contained two electrophoretically resolvable components 
in phosphate buffer (0.04 M phosphate + 0.1 M NaCi) at pH 7.4. The 
mobility of the main boundary was —3.52 X 10"* sq. cm./v. sec, 
that of the secondary boundary, corresponding to about 6 % of the non- 
dialyzable material, was —14.6 X lO"*. The ultraviolet absorption 
spectrum of the solution was consistent with the hypothesis that the 
secondary boundary in the electrophoresis experiment was formed by 
nucleic acid, since the absorption maximum occurred at 258 m/i, while 
that of the unf ractionated toxin occurred at 278 mn, in the position char- 
acteristic of most proteins. 

Chromatographic analysis revealed no apparent differences in the pro- 
portions of aspartic acid, glutamic acid, leucine (and/or isoleucine), va- 
line, and phenylalanine present in the various fractions. 
The original toxin preparations and the various fractions all formed in- 
soluble films when apphed to the surface of a 3 % NaCl solution. The 
specific areas at 13 dynes/cm. of films formed from the slowly sediment- 
ing material (0.38-0.45 sq. m./mg.) were significantly greater than those 
formed from the original preparations (0.23 sq. m./mg.) or from the 
redissolved sediments (0.22, 0,18 sq. m./mg.). 

Toxicity, HemagglvMnation and Flocculation Titers 
The biological tests performed upon the toxin fractions and upon the 
starting material are reported in Table III. The results of the experiments 
on Preps, e and / are concordant in the sense that while indicating that 
the toxicities of all the fractions are of the same order of magnitude as 
those of the starting materials, great differences exist between the 
hemagglutinating activities of the fractions. The hemagglutinin titers 
given for the fractions from which the rapidly sedimenting component 
had been largely removed are rough estdmates only, but the values 
suggest that the hemagglutination brought about by these fractions is 
due solely to the heavier contaminant, and that the slowly sedimenting 
material is devoid of hemagglutinating activity. 

The relatively small differences between the toxicities of tiie various 
solutions show some inconsistencies, for the data, on Prepn. e would sug- 
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gest that the toxicity is equally distributed throughout the protein 
nitrogen of the various fractions, while in the case of Prepn. / it would 
seem that the slowly sedimenting component is significantly more tojdc 
than the starting material or the sedimented pellet. Inasmuch as the 
fractionation resulted in a greater d^ree of separation of the compo- 
nents in the latter case, greater weight should be given to the conclusion 
suggested by this experiment. 

Ramon flocculation tests were performed only upon the material from 
Prepn. /. It will be seen from the results in Table III that when the I4 
values of the various fractions are expressed in terms of the toxicities of 
the fractions (in LDk, units), there are no significant differences between 
them. The same is true when the nitrogen content serves as the unit of 

TABLE III 

Properties of Botulinum Type A Toxin Fractions 



Toxicity, !0-« X LDio/mg. N 
Hemaeglutination, lOt X Mio/mt.' 
Hemagglutination, 10« X cat- N/ml. 
FloociUation titer, Lf/WlDu 
Floceulation titer, Lf/mn.K 
Flocoulatioa iiiae, min. 

" Key to fmotions: 1 is starting material. 

2 is upper half of solution a 

3 ia lower half of solution. 

4 is solution of sedimented mataial. 

' Ciiiok erythrooytee at 1°C.; concentrations required for detectable agglutination. 



entriluging for about 3 hr. at 160,000 X f. 



concentration. However, this method of reporting conceals the fact that 
the slowly sedimenting material flocculated with the antiserum only at 
relatively high absolute concentrations. Fractions f2 and /3 gave no 
flocculation when the quantities used were identical with those of frac- 
tions /I and fi that had been found to give satisfactory end points. A six- 
to tenfold increase was needed in order to carry out a satisfactory titra- 
tion with fractions f2 and /3, and even under these circumstances the 
flocculation time was greatiy prolonged. 

Discussion 
Properties of Dissociated Tosdn 
The experiments reported in this and in the earlier paper (7) have 
shown that at pH 7.5 type A botulinum toxin eixists in the form of two 
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clearly distbguishable polydispense components, one of average molecu- 
lar weight of the order of magnitude of one million, the other at least one 
order of magnitude smaller. Although the range of molecular weights 
existing about these two average values is unknown, it is probably justi- 
fiable to assume that there is no significant overlap, and to treat the two 
components as though they were distinct entities with certain properties 
in common and with certain important differences. 

In the following discussion the rapidly sedimenting polydisperse com- 
ponent at pH 7.5 wiU be referred to as the "complex toxin," the slowly 
sedimenting polydisperse component as the "dissociated toxin," while the 
material of molecular weight of about one million that exists below pH 
4 in monodisperse form in the best preparations (and with some pauci- 
dispersity in others) will be designated "pauddisperse toxin" These 
names have the merit that they avoid any commitment as to whether the 
polydispersity of the "complex toxin" is one of molecular shape or of 
size. 

In certain respects the complex toxin and the dissociated toxin appear 
to be alike. They were not distinguishable on the basis of their contents 
of several amino acids. The electrophoretie mobility of the dissociated 
toxin, -3.52 X 10-" sq. cm./v. sec. at pH 7.4, is consistent with the pH 
mobility curve recorded by Abrains, Kegeles, and Hottle (1) for what 
was then regarded as the pure toxin, while the presence of a secondary 
boundary which can be attributed to free nucleic acid explains the ob- 
served differences between the ultraviolet absorption spectra of the 
various fractions prepared by us. The nucleic acid is clearly in the un- 
combined state and its presence in the "dissociated" or monomeric form 
of toxin preparation probably meaiis that a trace of nucleic acid attached 
to the original material at pH values below 4 becomes released at pH 7.5. 

In toxicity, the dissociated toxin resembles the parent material, al- 
though perhaps significantly more toxic. On the other hand, the hemag- 
glutinin titers indicate that the type A toxin can exist in a form which 
is not capable of agglutinatiug red cells. Whether, conversely, the agglu- 
tinin can be obtained in nontoxic form has not been shown by the present 
experiments. This possibility seems however to be indicated by the ob- 
servation (6a) that the toxicity of toxin solutions is not decreased when 
the solutions have been used to agglutinate red cells. Recently Lamanna 
and Lowenthal (6&) have brought immunological evidence that botulinus 
antitoxin preparations contain two components, an antitoxin and an 
antihemagglutinm, of whieh the latter is relatively nonspecific. Finally, 
unpubUsfaed experiments in this laboratory by M. S. Davis and P. A. 
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McCaffrey show coneluisively that the hemagglutiiiiu is removed from 
toxin solutions -wheoi red cells are a^lutinated, without bringing about 
any measurable change ia the sedimentation diagram of the toxin. 

The reJationshipa between the various forms of the toxin are by no 
means dear. The toxidtiea/mg. N being almost equal, it would seem 
reasonable to suppose that the paucidisperse form found at pH values 
below 4 consists of an assembly of the smaller toodn molecules which at 
some stage during the course of physiological action of the toadn becomes 
transformed to the complex toxin and then completely dissociated into its 
components; these may tentatively be identified with the fundamental 
toxic units, although the experimental evidence does not preclude the 
possibility that the toxic unit is still smaller than the molecule of disso- 
ciated toxin. The complete dissociation has not yet been observed in the 
laboratory; at pH 7.5 it occurred only to the extent of about 20 % under 
the conditions of our experiments, even when several days were allowed 
for the process. This may represent complete dissociation of 20 % of the 
original material, the extent of dissociation being limited either by the 
attainment of an equilibriiun which favors the complex toxin, or by 
other unrecognized factors. Alternatively, it may mean that, on the 
average, 20% of the toxic units in the monodisperse toxin are more 
loosely iDOund than the remainder; the latter hypothesis would seem to 
be the more plausible. 

Acknowledgments 
The authors' thanks are due to the following for their cooperation on several 
phases of this work: Dr. E. J. Schantz and his colleagues, Dr. L. Spero and Dr. E. 
Sporn, for placing at oar disposal highly purified toxin and for measuremenbs of 
toxicity; Drs. R. D. Housewright and C. B. Thome for the chromatographic 
analyses reported here; Dr. G. G. Wright and Mr. J. T. Duff for flocculation meas- 
urements; Mrs. B. S. Hartman and Miss P. A. McCaffrey for hemagglutinin titra- 
tions; and Mr. J. H. Convey for determination of electrophoretic mobilities. 

SXTMMAKY 

1. The partial disaodatioii of botulinus type A toxin at pH 7.5 and 
ionic strength 0.13 into a slowly sedimenting component has been con- 
firmed. 

2. Under the above conditions of pH and ionic strength the sedimen- 
tation constant of the undiesociated material is about 20 svedberg units, 
while that of tlie dissociated portion is about 5 (see Table I). Both are 
polydisperse. 
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3. Measurements of sedimentation and diffusion constants of a speci- 
men of the "dissociated toxin" separated in the ultraoentrifuge led to 
values of 71,000 for the molecular weight and 3.4 for the axial ratio. 

4. The toxicity of the "di^ociated toxin" formed at pH 7.5 is at least 
as great, per milligram protein nitrogen, as that of the parent substance. 
The flocculation titer is also the same. The hemagglutinin titer is very- 
low, probably essentially zero. 

6. The nonhemagglutinating polydisperse "dissociated toxin" of mo- 
lecular wei^t around 70,000 is identified tentatively with the ultimate 
toxic unit of botulinus type A toxin. 
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SUMMARY 

Crystalline preparations of Clostridium botulinum type A 
toxin were fractionated on DEAE-cellulose columns with 
Tris-HCl bufiers at pH 8.0. The isolated toxic fraction was 
free of hemagglutinating activity and contained 5 times the 
specific activity of the crystalline toxin. The second fraction 
was a powerful hemagglutinin but was only feebly toxic; it 
emerged from the column as one or more peaks, under differ- 
ent elution conditions. By rechromatography and immuno- 
logical tests, the toxicity of the second fraction was shown 
to be due to contamination with traces of the toxic fraction. 
By several criteria, the toxic and hemagglutinating compo- 
nents appeared to he at least two different proteins. 

Most of the information obtainable from the ultracen- 
tiifugal analysis of these substances was also obtained by gel 
filtration on a Sephadex G-200 column and with much smaller 
protein concentrations. At physiological pH, the toxic frac- 
tion had a molecular weight of 150,000 and a Stokes radius 
of 48 A; these dimensions were in i^eement with those 
established in vivo by other invest^ators. The hemag- 
glutinin appeared to exist in three forms of aggregation with 
molecular weights of 290,000, 500,000, and 900,000. 



Since the toxin of ClosiTidium boiulimm type A n-as obtained 
in the crystalline form (1), its homogeneity has not been seriously 
questioned. However, observations (2, 3) showed that the crys- 
talSine toxin was not only highly toxic but also hema^lutinal^ 
ing, and that the hemagglutinin could be dissociated from the 
toxin without loss of toxicity (4) and with a two- to three-fold 
increase in specific activity (5). In addition, in the ultracentri- 

* This work was supported in part by the National Institutes 
of Health, Grant AI 04180 TOX, and National Science Foundation 
Grant GB-6719. 



fuge imder certain condition:?, the toxin ajjpeareri to contain .it 
lea?t two dijitinct components with .^iirnificantty diflofcnt s-.o.„- 
values (5-7). This evidence did not change tlto nntKm that- tlip 
cjystalline toxin is a liomogenoiis j^rotein of molcciilnr weight 
900,000, since the muit.i])licity of comiionents and the two difler- 
ent biological acti^•it!es were ascribed to the properties of tlie 
same molecule in different state?; of aggregation (o). 

Schantz, Stefanye, and Spero (8) attempted to fractionate 
crystalline toxin on a DE.-VE-cellulo?e column but ol.itaiiied 
materia! with no greater toxicity than was observed in the 
ciystalline toxin. Gerwing, Dolman, and Bains (9) have im- 
ported isolation of type A toxin of molecular weight 12,000 
obtained from crude culture filtrates by 50% (NH4}iS04 satura- 
tion with subsequent purification of the isolated matei-ial on a 
DEAE-cellulose column at pH 5,6. Neitiiev of tliese studies 
discusifed the possible presence of the hemagglutinating activity 
in their purified material. 

Observations made in our laboraton' (10, 11) raised strong 
doubts as to the homogeneity of crystalline toxin. In a pi'e- 
liminary report (12), we demonstrated that crystalline toxin can 
be chromatographically resolved into two fractions, tx and /3, 
which exhibit different physical, chemical, and serological 
properties. 

This commimication describes the resolution of the cr:i'stalline 
toxin into at least two different proteins, a toxin and a hemagglu- 
tinin. The latter, in turn, is separable into three components of 
different molecular dimensions. Also reported is the estimation 
of the molecular dimensions of the isolated fractions of the 
crystalline toxin, particularly the toxic moiety a at low protem 
concentration and at approximately physiological pH. Finally 
we consider whether the a fraction represents the molecules that 
appear at the myoneural junctions where the toxin acts. 

MATERIALS AND METHODS 

Crystalline ])reparationR of C. boiulimm type A toxin were 
obtained through the generosity of Dr. E. J. Schantz, Fort 
Detrick, Frederick, Maryland. Tlie ciTstals, stored in 0.9 m 
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(NH4)!S0i, were collected by centrifugation and dissolved in an 
appropriate buffer at room temperature. The dissolved toxin 
was freed from (NH^jSOi by dialysis for 16 hours at 4" against 
]00 times the volume of the bufTer to be uised later in chroma- 
tography. Any residua] turbidity was removed by centrifuga- 
tion. The protein concentj'ation and the index of purity of the 
toxin samples were determined as SD^ested by Schantz (13). 

The sources of the other proteins used in this study were as 
follows: cytochrome c (horse heart, Sigma T^pe III, lot No. 
11 48-7 150); bovine serum albumin (CoD^ of American Pathol- 
ogists, Chicago, 111., lot No. 18); glycera)dehyde-3-phosphate 
dehydrogenase (Calbiochem, lot No. 501536); aldolase (rabbit 
muscle, Calbiochem, lot No. 54588); catalase (Worthington, 
CTR 5666); /9-galactosidase (14) (Dr. E. J. Steere, Jr., National 
Institutes of Health, Bethesda, Marj'land). Blue dextran and 
Sephadex G-2(X) were obtained from Pharmacia Chemical 
Company Piscataway, New Jersey. 

Three different batches of DEAE-cellulose (Cellex-D, Bio-Rad 
Laboratories) of exchange capacity 0.61, 0.70, and 0.78 raeq per 
g were combined for use. The material was soaked in 1.0 n 
NaOH for about 2 hours, washed repeatedly with water to the 
pH of water, suspended m 1% HCl for an hour, and washed 
again with water to the pH of water. This cycle was repeated 
until the CEAE-cellulose changed from orange-yellow to white. 
After the last wash cycle, the cellulose was washed once with a 
bufler and suspended in the same bufier until ready for use. 
Colunuis of 0.9 cm were packed to a height of 32 to 34 cm with 
the DE.^E-cellulose and equilibrated with about 500 ml of the 
desired buffer for about 16 hour. The bed height was adjusted 
to 30 cm (column bed volume ~ 28 ml), and glass wool was 
layered on top. All ion exchange chromatography was per- 
foi-med at 24 ± 2". The columns were eluted at atmospheric 
jjressure at flow rat«s of 25 to 36 ml per hour. The eluate was 
collected in 2.8-ml fractions with a Gilson fraction collector. 

PrejMiation of Sephadex gel and jjacking and operation of the 
column? were carried out essentially following Andi-ews' method 
(15). Protein fsample? in 1 to 2 ml were layei'ed over a thin glass 
wool layer covering the gel bed. Column flow rate did not 
exceed 30 ml per hour. The columns were operated at 24 ± 2°. 

BulTej'S were jsj'epaa'ed by titi-ating the acidic and basic 
conjugates of the same molarity to the desired pH; e.g. 0.067 iw 
citrate-phosphate buffer, pH 5.6, was piepared by titrating 
0.067 M NajHPOi with 0.067 m citric acid to pH 5.6. Phosphate 
buffer was prepared with NajHPO* and NaH)PO< solutions. 
The concentration of CI" in Tris-HCI buffer was determined by 
titrating Ci~ against standard AgNOi solution with KiCrO* as 
indicator. A calculated amount of Cl~ as NaCl was added to 
Tris-HCI buffer for linear and stepwise gradient elution. 

For long Sephadex colmnns, 0.05 m NajCOj-NaHCOj buffer, 
pH 9.2, was adjusted to 0.6% NaCl with solid NaCl. This 
caused a slight drop in pH, which was readjusted to pH 9.2 with 
NasCOs solution. Other buffers of pH 7.2, 7.5, and 8.0 were 
prepared by titrating 0.05 m solutions of Tris and HCl, both of 
which contained 0.1 m HCl. 

The Stokes radius of the toxia molecules were determined hy 
use of the equation 

(1) 

1^1 - 2.104 (^^ -f 2.09 - 0.95 (^Jj 



describing the molecular sieve action of a Sephadex G-200 
coiunin (16, 17). Kd'is the distribution coefficient of the eluted 
material, V, is the elution volume of that material, Va is the 
void volume, and F,- is the effective internal volume of the 
column. Vt and V,- were established according to Rogers, 
Hellerman, and ITiompson (18) and Habeeb (19). The Stokes 
radius of the eluted molecule is denoted by a; the effective pore 
radius of the gel, by r. 

The voluime of the eluate collected from the Sephadex column 
(2.5 X 60 cm) in everj' fourth tube was measured, and the mean 
effluent volume per tube was calculated. The variation in 
volume from tube to tube was never more than ±2.5% from 
the mean volume of 2.5 ml. The V, of a solute was estimated 
from the elution diagram by extrapolating the sides of the solute 
peak to the apex. 

Protein concentrations of the fractions were determined sjDec- 
trophotometrically in a Zeiss PMQ II spectrophotometer at 278 
mp. and by measuring the fluorescent intensity in the Aminco- 
Keirs spectrophotofluorometer at 286 vofi excitation and 350 m/x 
fuorescent wave length. Nitrogen determination was carried 
out by a modification of Nessler's method (20). The nitrogen 
content of this protein was tentatively taken as 16.25%. In 
cases of low amounts of protein, where Beer's law at 278 mju 
failed, an excellent linear relationship was found between protein 
concentration and fluorescent intensity. This relationship held 
to one-fourth the limit of protein concentration measurable by 
absoibance and could be extended further by increasing the 
sensitivity of the apparatus. Thus, protein concentrations a.? 
low as 4 jug per ml could be measured. Amounts of protein 
eluted as indi^-idual comjjonents were estimated by adding 
iluores(%nt intensity and the volume of each fraction. 

For iTchi-omaK^raphy experiments, effluent containing the 
peaks from the first chromatographic run were dialyzed for 4 or 
more houi-s, with hourh- changes, against a 10-fold volume of 
the btiffer to be a^sed. Lineaj- gradients were generated by 
allowing 330 ml of buffer with high salt concentration to mix 
with 330 ml of the buffer used for equilibrating the column. 
Both vessels were of the same dimensions and were ])Iaced at 
the same horizontal level. 

The toxicity was assayed for the number of minimal lethal 
doses by injecting O.I ml of the eluate intravenously into white 
mice weighing 20 g and noting their survival time (21). The 
hemaggJutinating activity of the eluted samples was titrated by 
two methods. In a rapid test, a drop of human red blood cells 
b suspension was mixed with a drop of test material on & mi- 
croscopic slide, and the reaction was noted with or without the 
aid of a microscope . Semiq uantitative estimation of the potency 
of the hemagglutmins in the test solution was provided by adding 
0.5 ml of a 2.0 7r, suspension of human red blood cells in 0.9 9f 
NaCl solution to 0.6 ml of seriaDy diluted eluates. The mixtures 
were incubated at 37" for 60 min and at 4° overnight. The most 
dilute test sample which caused cell clumping was recorded. 

Jon Exchange Chromaiography of CrysiaUine Toxin of C. 
botvUmm Type ,4— In preHmina^'' experiments, the toxin in 
0.067 M citrate-phosphate buffer, pH 6.6, was applied on DEAE- 
Sephadex or DEAE-cellulose columns (0.9 X 30 cm) previously 
equilibrated with the same buffer. Immediately after the elu- 
tion of 1 column volume, a sharp peak emerged. Further elution 
with the same buffer or with buffer of increased molarity yielded 
no more protein. The first indication of separation of crj'S- 
talline toxin wa.*! noted when 0.05 m phoaphate buffer, pH 6, was 
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FiG. 1. .4 through D, chroTnatography of foiiv flitfevent batches 
of C. botulinwn type A (oxiii isolated nnd cryslrtliized at louf 
(lifierent times between a period of i to 2 vears. DEAE-celUilose 
coiutnns, 1 X 30 cm, were equilibrated with 0.15 m Tris-HCl 
Imfler, pH 8. After 4.5 mg of to.\iii were applied, columns were 
cUited with (he starting buffer tintil linear gradient elutions were 



100 !20 20 40 



TUBE NUMBER 



80 100 120 



indica 



Fr;.ci 



n size, : 



per tube; 0.1 is the iiistrumeiil setting for fluorescence intettsity 
(F./.t measiiremext. The linear gradient w.-is generntpd liy uUmv- 
ing 130 ml of O.IS m Tris-HCi buffer, pH S, coniaining 0.5 m CI", 
to flow into a mi.\ing chamber containing 130 ml of the starting 
bttffer. Ehition was complete with 260 nil of salt gradient . 



used witli a linear NaCi gi-adient for elution. Clear separation 
of crystailine tmin into two comjjonents was achieved at a 
higher pH (12). The use of DEAE-Sephadex became imprac- 
ticable because of significant shrbkage of the column bed in the 
pi-esence of a salt gradient; therefore, DEAE-cellulose was used 
subsequently. 

Toxin, 4.5 mg was apj^lied on a DK4iE-ceUulose column, 0.9 X 
30 cm, equilibrated with 0.15 M Tris-HCl buffer at pH 8.0. The 
column was waished with 2 column volumes of buffer, and a 
linear gradient was generated with 130 ml of buffer containing 
0.5 M Cl". With increasing Cl~ concentration, four clearly 
distingui.shable peaks emerged in the eluate (Fig. 1). These 
peaks were designated a, jSi, 0i, and /3s, respectively. The a 
peak contained 78 to 80% of the toxic activity (minimal ietha;i 
doses) of the stock solution and had about 5 times its specific 
toxicity (~1.86 x ICfi LDsc compared to ~3.87 x 10' LDjo per 
mg of protein). The fi fractions strongly agglutinated red blood 
cells and were very feebly toxic. 

Other batches of toxin, isolated and crystallized from cultiu-e 
filtrates of C. botttlinwn type A grown at different times (ranging 
from i to 2 years apart), were subjected to similar chromato- 
graphic procedures. Seven such batches were e.\amined, and all 
resulted in quahtatively identical profiles, which differed only 
in the relative concentration of the four components. Fig. 1, A 
through D shows the chromatographic analysis of four of the 
seven samples. Crystallization of C. botulinvm type A invariably 
restilted in material containing the same four characteristic 
components. 

To establish the identity of the first peak (a) emerging from 
the DEAE-cellulose, the first half of the eluate, containing the 
a peak from DEAE-cellulose, was rechromatographed on DEAE- 
Sephadex. A single peak emerged at the same elution volume 



and Cl~ concentration as obtained originally on DEAE- 
Sephadex (12). When the procedure was reversed, the a peak 
obtained from DEAE-Sephade.\, when rechromatographed on 
DE.^-cellulose, also resulted in a single peak. 

A clearer separation of the individtial components of ciys- 
talline toxin was attempted by applying a stepwise Cl~ gradient. 
The a, Pi, Pi, and 0» fractions emerged at 0.12, 0.19, 0.24, and 
0.5 M Cl", respectively, in the buffer. NaCl was added to 
portions of 0.15 M Tris-HCl buffer, pH 8, to bring the net Cl~ 
concentration to the desired levels. These salt-enriched buffers 
were used, in order of increased salt concentrations, to elute the 
fractions of 6.4 mg of toxin applied on a DEAE-cellulose col- 
umn, 0.9 X 30 cm. With each of the changes in Cl~ concentra- 
tion, a peak corresponding to the a, /Sj, |3z, /Ss fractions emerged 
(Fig. 2A). The relative concentrations of protein in these 
components were about 15, 13, 54, and 19%, respectively. 

Aft«r readjustment to the ionic strength of the starting buffer, 
the four fractions were rechromatc^raphed with a stepwise 
gradient as desciibed above. The a peak emerged at the same 
elution volume as in the original run. Because of small initial 
yield of the |8i and fit fractions, the respective fractions from 
two separate runs were pooled for rechromatography. The 
results obtained with the Pi, jSj, and /9a fractions are shown in 
Fig. 2, B through D, respectively. The Pi fraction resolved 
into four components emerging at the same Cl~ concentrations 
as were observed with the original toxin, in relative proportions 
of « = 5%, pi = 69%, 01 = 23%., and 03 = 3%.. The /S, frac- 
tion resolved similarly into four components in positions of a, 
Pi, Ps, and jS>. The relative proportions of these fractions were : 
a = 4%, Pi = 14%, Pi = 52%, and Pz = 29%. The elution 
profileof Pi showed traces of a and Pi, while Pt and Pt were found 
in concentrations of 69 and 31 %, respectively. On rechroma- 
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Fig. 2. Separation of the different components of crystalline 
toxin by stepwise gradient elution and their rechromatography 
on columns of DEAE-celhilose, ] X 30 cm. The columns were 
equilibrated with 0.15 m Tris-HCl bufler, pH 8.0. Buffers con- 
taining 0.12, 0.19, 0.2-J, and 0.5 m CI" were applied in the increasing 
order at the positions marked with arrow. Fraction size was 2.8 
ml per tube. Instrument sensitivities for recording fluorescence 
intensity {F.I.) in Fig. 2, B through D, were 10 times more than 
in Fig. 2A . A , column loaded with 6.4 mg of toxin was washed 
with starling bufler until stepwise gradient elution was started. 
B, elution profile obtained wheni3i, isolated from crystalline toxin 
(pee Fig, 2.^), was rechromatograpbed with conditi'ons as in Fig. 
2A . C, elution ])rof31e obtained when ^2, isolated from crystalline 
to.\in (see Fig. 2,4), was rechroniatcgraphed with conditions as 
in Fig. 2.4. D, elution profile obtained when /3a, isolated from 
crystalline toxin <see Fig. 2.4), was rechromatograpbed with con- 
ditions as )u Fig. 2.4. 

tograpLy, each of the ft-actions yielded some a component. 
Contamination of the ^ peaks with the a fraction decreased with 
the distance of these peaks from the position of a. 

In all exjjerinients the a fraction renmined highly toxic and 
free from hemagglutinins, whereas the fractions were strongly 
hemagglutmating and stiU possessed slight toxicity. To deter- 
mine the nature of toxicity of the fractions, mice received 
intravenous injections of each of the three components. These 
were followed immediately by intraperitoneal injections of rabbit 
antiserum prepared against the a fraction. All mice treated in 
this manner survived. Correspondmg controls without the 
anti-a serum died. This was considered as proof that the 
toxicity of the 0 fraction was due to the presence of the a frac- 
tion. 

Seplittdex Column CItromatography of C. botuHmm Ttxein — 
Sephadex G-200 columns can be u.'jed for the study of dissociation- 
association (22, 23) and for the determination of molecular 
weight (15) and Stokes radii of proteins at verj- low concentra- 



tions (16). The crystalline toxin and its isolated components 
were therefore examined by this method. About 7.69 mg of 
cri'stalline toxin in 3.0 ml of carbonate buffer, pH 9.2, ])laced on 
a Sephadex G-200 colunui (2 X 114 cm), equilibrated and eluted 
with this buffer, emerged in two peaks (Fig. 3). The jjeak 
emerging first contained 80% of the applied protein and was 
only feeblj^ toxic, but strongly hemagglutinated human red 
blood cells. The second peak was slower in eluting, constituted 
20% of the protein, and contained most of the toxin. Whereas 
the specific activity of the starting material contained 7.2 X 10' 
m.l.d./l.O absorbance unit, the fast peak contained 4.8 X 10= 
m.l.d./l.O absorbance unit and the slow second peak 7.0 x 10* 
m.l.d./l.O absorbance imit. 

Determiiiatim of Molecular Dimensions of Compcmenis of 
Crystalline Toxin — The a, Pi, ft, and ,63 fi-action.s were isolated 
front ciTstalline toxin with a DEAE-celJulose column with the 
use of a stepwise gradient, Aliquots {2.0 ml) of each \^ei'e 
chroma tographed on a Sephadex G-200 column, 2.5 X SO cm, 
equilibrated and eluted with 0.06 M Tris-HCl buffer, pH 8.0, 
containing 0.1 m KCl {Fig. 4). The a fraction emerged as a 
single peak with no visible inflection points on the leading or 
trailing edge. The effluent following this peak contained no 
more fluorescent material. Aliquots taken from various tuba? 
under the peak proved highly to.vic. The concentration of pro- 
tein at the apex was 20 iig per ml. The elution profile of the /0i 
fraction showed the existence of at least two major comjjonentf 
at Vf = 102.5 ml and 117.1 ml, and an inflection area at F, = 
129.3 ml. The /Jj fraction eiuted as a single peak with 1% = 
103.3 ml .'ibowing no inflection jjoinls on the curve. The elution 
profile of the fiz fraction had a major peak at Vt = 105.4 mt, a 
shoulder at T, =■ 87.4 ml on the leading edge, and an irregular 
trailing edge. 



160 
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TUBE NUMBER 

Fig. 3. Gel filtration of crystalline toxin, 7.69 mg in 3.0 ml, on 
a column of Sephadex G-200 (2 X 114 cm) with 0.05 m carbonate 
buffer, pH 9.2, containing 0.5 NaCl. Fraction size, 2.5 mJ per 
ttihe. F.I., fluorescence intensity. 
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Each protein elutfd as a ^^inJ^le peak, wit!i no inflection paints; 
boi,-ine sei'um albumin di:<suriateii as cxpectefl into monomers 
and dimere. The values of tliese substant-e? (Tables 1 
and II) i^lotted against the loganthms of their molecular weights 
yielded a straight line (Fiji. o). The molecular weights of the 
«, ^1, /Si, and 03 fractions established from this curve, ai'e sliown 
in TabJes I and II and Fig. 5. 

The flow rate from the gel filtration column equilibi-ated with 
pH 7.2 buffer was too slow to ehife all the test protein!-. The 
molecular weight of the a fi-action at this pH was therefore not 
obtained from a calibration curve. Instead, onlj- blue dextran, 
aldolase, and the a fraction were etuted. Since the K ^ value of 
the a fraction at this pH was similar to that at pH 8, and since 
the Vf values of aldolase and the a fraction were essentially the 
same, the molecular weight of the a fraction at ]3H 7.2 was taken 
as 150,000. At pH 8.0, with a total gel bed volume of 24S ml, 
the y, values for the a component and blue dextran were 133.7 
ml and 69.1 ml, respectively. These values for T'„ T'o, and F,-, 
substituted in Equation 1, yielded A'c = 0,360 for the a fraction. 
From a similar experiment with pH 7.5 buffer, the A'd of the a 
fraction wa.-? 0.355 (T*, = 140.6 ml, T'o = 85.8 ml, gel bed volume 
= 248 ml) , which was similar to the X d obtained at ]3H 8.0 (mean 
deviation ± 0.7 ?c.). 

T.iBLE II 

Molecular teeight, Stokes radii, and elultvti viiliiine iif toxic and 
hemagglviinin frtictions isolated froui cryUaUine toxin 
Closiridivm boluHnvm type A 



. I ExperimenlBlly derived 
Ciystaninc tosin 



TUBE NUMBER 

Fig. 4. Gel fihration of a, Pi, /Si, and components, isolated 
from crystalline toxin by anion exchange chromatoeraphy, on a 
column of Sephadex G-200 (2.5 X fiO cm) with 0.05 m Tris-HCl 
buffer, pH 8.0, containing 0,1 m KCI. In the upper part of the 
figure the elution profile of fii was recorded with higher instru- 
ment sensitivity than the other three in the lower part. Con- 
centration of or in peak tube was 20 per ml. Similar elution 
profiles of a were obtained with buffers at pH 7,5 and 7.2 and also 
with different protein concentrations, so that the peak tube con- 
rained 33 or 52 of protein per ml. Fraction siie, 2.6 ml per 
tube. 



TABtE I 

Mo!«ctiIar vxight, Siohet' radii, and elution volume of different proteins and calibratim of pore radius of Sephadex GSOO column 



Proteins 


From litentu 




EiperimenUlIy derived 


MoIkiUu weight* 


Slokes' ladii 




Fore radios'^ 








mi 






1.24 X 10^ 


1.74' 


197.6 


22.8 




6.5- 7.0 X 10' 




152.5 




Bovine serum albumin dimer 


1.8- 1.4 X 10' 




132.8 




Glyceraldehyde 3-phosphate dehydrogenase 


1.16-1.46 X 10' 


4.13'' 


142.6 


22.2 




1.4- 1.6 X 10» 


6.0^ 


133.6 


23.8 


Catalase 


2.3- 2.6 X 10» 


5.22' 


125.6 


22.6 




6.4 X 10' 




100.8 






20 X 10' 




69.1 





• Taken from Andrews (15). Value for ^-galactosidase from Craven, Steers, and Anfinsen (14). 

* Mean effective pore radius is 22.35 with a mean deviation of db2.50%. 
•From Ackers (16). 

"I From Rogers et oi. (18). 
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.Fio. 6. Molecular weights of proteins as deiemiiied by gel 
filtraiion on Sephadcs G-200 column (2.5 X 60 cm) with 0.05 m 
Tris-HC! buffer, pH 8.0, containing 0.1 m KCl. V, is the ekuioii 
volume of test substaiiees plotted against their log (molecular 
weight). The molecular weights of tJie proteins are: cvtochrome 
c, 1.24 X 30*; bovine eeniin albumin monomer, 6.5 to 7.0 X lO"; 
bovine serum albumin dimer, 1.3 to 1.4 X 10»; aldolase, 1.4 to 1.5 X 
10»; catalase, 2.3 to 2.5 X 10'; p-galaclosidase, 6.4 X 10>; and 
blue dextran, ~2.0 X 10^. Since jSi and |S, each showed presence 
of tw^o components, the molecular weights of these were deter- 

Gel filtration of the /3i fraction revealed that the two compo- 
nents of ;8i had molecular weights of 2.9 X 10' and 5.2 x 10°, 
respectively. Similarly, the /Sg fraction had two components 
with res]3ective molecular weights of 4.6 X 10* and 9.3 X 10*. 
The molecular weight of the ft fraction was 5.0 X lO*. Thus, 
it appeared tliat the ,81 and jSs fractions each contained a com- 
ponent with molecular weight veiy near that of fii (deviation? 
of +4':<- and -STt from 5.0 X 10'), such that ft appeai-ed to be 
a common component of the other two 0 fractions. 

The gel pore radii of the Sephadex G-200 column were estab- 
lished fi'om known Stokes radii and e.\]ierimentally determined 
Kd value? of cytochrome f, glyceraidehyde-S-j^hosphate de- 
liydrogenase, aldolase, and catalase. The mean effective pore 
ludiuE of thegel was 22.85 mpi ± 2.5% {Tables 1 and 11). Trom 
Equation 1 the value for the Stokes radiui? a for the a component 
was 4.79 n-ifi or 48 A. 



The crystalline t-oxin of C. botuLinum type A, which for the 
past 20 years had been considered to be in a higli state of puritj-, 
was foimd on chromatographic analysis to contain at least four 
component.'!. The a fraction ]3roved to be the neuroto.xin 
elaborated by theiie organisms. The thi-ee other componentii, 
slightly toxic but containing the hemagglutinating projjerty of 
the crj'stalline toxin, were designated as fractions ^i, ft, and ^3. 
Since tlie toxicity of the jS fractions could be neutralized in viso 
with rabbit antiserum prepared against pure or fraction, it was 
concluded that the to-xieity of the yS component was due to con- 
tamination witJi a. This wa's shown by i-echromatography of 
the |3 components. 

Our attempts 10 purify ci^-staliine to.\in wiih the use of the 



chromatographic conditions of Gerwing el al. (9) neither sepa- 
rated tJie hemagglutinins from the toxin nor increased the specific 
activity of the eiuted material. Only at o]- above pH 6.0 in the 
presence of a Cl~ gradient did the resolution of the crystalline 
train become apparent. The failure to observe separation of 
crystalline toxin at pH 6.5 byScJiantz el d. (8) maybe due to the 
shortness of their column (10 cm) . -At ]dH 7.2, pronounced sepa- 
ration of the a and j3 fractions wag achieved (12), although at 
this pH the a fraction was not completely free of hemagglutinins. 
Better separation of the a and fractions was obtained at pH 
8.0, at which point the a fraction became free of detectable 
hemagglutinating activity, and j8 resolved into thi-ee distinct 
fractions. 

Gel filtration was used to examine the homogeneity of the 
isolated four c«m))onent* and to establish their molecular di- 
mensions. Efforts to dissociate the toxin on, a Sejshadex G-200 
column, 2 X 114 cm, at pH 9.2 resulted in two components of 
different molecular weights and different biological activities. 
Use of longer columns, up to 130 cm, did not imjDrove the resolu- 
tion. The reason for the incomplete separation of crystalline 
toxin (see Fig. 3) became evident when overlapping of elution 
profiles of different fract ions was observed (Fig. 4) . Occasionally, 
]5oorer resolution of the two ]ieaks was noted with different 
batches of Sephadex. When this occurred, a single peak ap- 
peared with a skewed trailing edge. Aliquots from the last 
half of the trailing edge exhibited higher specific toxicity tlian 
t-he i-est of the i^eafc. Andrews (16) explained occasional poor 
separation of ftgalactosidase from blue dextran as beintr due to 
differences in the degree of cross linking and, hence, to diflereni 
water-iegaining cajiacities of different batches of gek. 

The s>-mmetry in the elution profile of the a fraction, .shown 
in Fig. 4, remained chamcterLstic during gel filtration at various 
pH values and jiroteiu concentrations (the peak tube contained 
13, 20, and 52 per ml of this protein). The Ki, value for the 
a fraction also remained identical, which suggests that its molec- 
ular dimen.«ion remained essentially the same. This was in 
accord with the obstejTations made in the ultracentrifuge (24); 
imder all conditions tested of the a fraction was 7.25 ± 
0.05. 

Although there is no general agreement as to which dimen- 
sional jmrameter of a protein molecule most closely correlates 
w ith the gel filtration elution volume, it has been well established 
by Andrews (15), Whitaker (25), and Leach and O'Shea (26) 
that the molecular weight mav be calculated from elution vol- . 
ume. Andrews (15) showed an excellent linearity between the 
elution volume and the log of molecular weight of some "well 
behaved" ])rateins. According to .Ackers (16), Laurant and 
Killander (27), and Siegal and ?ilonty (28), Sephadex G-200 
column;? can be used to derive molecular size of a protein mol- 
ecule. By .Andrews' method (35) the molecular weight of tlie 
a fraction was found to be 150,000 at i)H 7.2, 7.5, and 8.0. By 
ultracentrifugal analysi.* the molecular weight of the a fraction, 
at pH 9.5, was found to be 128,000 ± 10% (24). In the ultra- 
centrifuge Wagman (7) found a toxic moiety from the crystalline 
toxin of molecular weight 158,000. Tlie specific toxicit>' of the 
component obtained by Wagman was 30% less than that of the 
starting material (7). In the present sttidy, at low protein 
concentration and approximately ph.vsiological pH, the toxic 
fraction had a molecular weight of 150,000 and a Stoke,s radius 
of 4S A, Since many biologically active proteins consist of sub- 
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uiiit5 (29), it is ]30ssible that the a ]ji'otem is not a single jwly- 
jjeptide chain, 

Although the (9. fraction produced a single, band in Ouchterlony 
(joiible diffusion test,? with rabbit antiserum against cr\-stalline 
loxin, or antiserum apainst chromaiographically isolated 0 
component (24), it appeared to contain more than one component 
v-hen analyzed at pH 8.0 on DEAE-cellulose columns. Crest- 
field, Stein, and ^loore (30) found that the aggregated fonns of 
l;ovine pancreatic ribonuclease could be separated from monomers 
on ion exchange column.?. Thus, the 0 subfractions were con- 
sidered as the aggregated liemagglutinin in species of different 
molecular weights. The validity of this assumption was sup- 
IjorI«i by ultraeenti'ifuge experiments (24) in which, under all 
foiiditions of pH and ionic strength used, no more than four 
components were observed. Of these, one was the toxic a 
component with s^.v = 7.2, and the other three component= 
M ere of s^.u = 13, 16, and 23, which correspond to the molecular 
weights of the fit, and /S» components, iiespectively. The 
molecular weights of these three components, estimat«d by gel 
filtration, were 290,000, 500,000, and 900,000, respectively. 
From these molecular T\-eights and from their common biological 
activities, these hemagglutinin components feemed to be one 
entilo' in different sx&tes of aggregation. Furthermore, it 
appeared that the 02 fraction was a common component of the 
three fractions because of its invariable apjDearance upon re- 
chromatography of each of these fractions. The hemagglutinin? 
ijf the crystalline toxin may have dissociated on the coiumn 
into di.stinct fractions under the influence of increasing ionic 
.■^irength during elution. The amount of materia! eluted with a 
.?iepwise. gradient as the 0i fraction was consistently larger than 
that obtained with a linear gi-adient. One possible interpreta- 
tion is that, after the formation of jSi and species under a 
linear gradient, only a small amount of hema^lutinin remained 
on the column in the form of jSj, which eluted much lat«r. In 
the stepwise gradient elution, the formation of i9s vi-as suddenly 
interrupted by theapjslication of 0.5 M Cl~, and as a consequence 
the hemagglutinin remainuig on the column eluted as 0z. 

Our success in separating the hemagglutinin from the toxic 
moiety of the crj'stftlline toxin is in agreement with the observa- 
tions of others, who showed that the hemagglutinin could be 
removed from the toxin by adsorption on red blood cells (4). 
Waginan (5) had se]}arated m the ultracentrifuge a hemagglutinin 
of sjo.ic = 14 from a toxic component of sn.w - 7. These authors 
overlooked the possibility that the neurotoxin and bem^glutinin 
might be different proteins rather than the same proteins in 
various forms of aggregation, Wagman (7) found that the «»),«- 
= 7 fraction had a lower tyrosbe content than the crystalline 
toxin, and that its absorption spectrum, between 250 and 300 mfj, 
differed distinctly from that of the crystalline toxin. We have 
also found this difference in absorption spectra between the 
a and 0 fractions and the crystalline toxin'; this suggests the 
presence of two different proteins. Furthermore, the a fraction 
differed from the 0 fraction in inmiunoelectrophoretic mobility 
(12), in Ouchterlony gel double diffusion teste (24), in the ultra- 
centrifuge (24), and in gel filtration analysis. Our preliminary 
amino acid analysis of tiie cc and j8 fractions and of the crystal- 
line toxin also sihowed that the a fraction is significantly different 
from both the 0 fraction and the crystalline toxin. 
Heckly, Hildebrand, and Lamanna (31) found that the toxin 
' £ . R.DAJsGupta and D. A. Boroff, unpublished observations. 



in lymph which drain? the iniestiiial wall of orally intoxicated 
animak had a mean i^u.u- value of 7.9. Zacks et al. (32), who 
-Studied the sit^e of deposition of C. botuHnum tyi^e B toxin 
labeled with ferritin gj'anules by electron niicroscoj^y, demon- 
sti-at«d the presence of these granules in the i>rimary and second- 
&ry clefts of the myoneural junctions of animals that had received 
injections. A large pi-oportion of these gi-anuieg were JOO to 
150 A apart. Sine* this sijacing was ob-served only when fei- 
ritin-labeled toxin was used for injections, not fexritin alone, 
they proposed that tJhe intervening space between ferritin 
granules was occupied by the toxin molecule. 

It is recognized that the Stokers ladius of a )Drot«in ma}- not 
e.'iactiy expre-ss its actual dimension. However, if it is assumed 
that the molecular dimension of the o component obtained by 
physicochemical means (sm.u' = 7.2 and 96 A diameter) is cl&^e 
\o its actual dimensions, these values agree well with the cor- 
responding values for the C. bohdimm toxin found in body 
fluids and at myoneuml junctions. Therefore, it is perhaps 
not too hazardous to speculate that the a fraction of type A 
toxin, with a diameter of 96 A and S!o.„ = 7.2, can, without 
further dissociation, penetrate the intestinal wall and reach the 
receptor sites at the myoneural junctions. 
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Tha vaatloas isooeMs* pcodaoed by Clostridittm Ibotulinam ars 
extremely pertsiaife rmmfimSm. Type A tmia. {one of the 6 
CGC09ai2ecl tjfpes) is sauilly psoducei in dm&p culture mad th« 
firat to he etofcalissi la a highly purlfiM crystalline foana. 
i:t is a high a9ls!x»d.ar «alg^ alalia {urot^io (about 900,0(X» 
aijd dissQoiaiaBis ixtidiie c«ttaia oonditiems of pH and ionic 
strength into a proteia of <^)QUt 15O,0CKI jaolecular wsigbt 
having the newotoxin pcoperties and asotter poHseasing 
hetsaggiutinating |»tofi6rtiea fi^ch aRpeara v«ry Important in 
sti&iliziag the toxie portion q£ the Molecule, The toxin 
ha.B the speeif ic physiological action of causing a presynap- 
tic block by inhibiting in soiae manner the release of acetyl- 
choline at the tkyon&wc&l junction axtd jprodacing a flaccid 
paralysis of the muscle whicli recpiras about iduraa weeks or 
nore for recovery. 

a*e work of Scott (J) originally pjreswataa at the 84th 
Jtoniial Meeting of the &nerioan Acadesty of Ophthalmology in 
Saa Francisco, California, 1979, and recently published in 
pphtha3B»ol0gy (2) has taken advantage of this property of 
the toxin to treat strablsia*as in humane by injecting a small 
aaount of toxin amter GSxafully cmtrolled coiulitiona 
directly into the extraocular nnisole pulling the eye out of 
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alignment. Hie ajaoant of toxin vatsA in the treatuwoit de^enSs 
upon the condition of the patient. At th« frssant''ti]aB the 
toxin vaed for this treatanjemfc i» an oltrafiltwred preparatim 
of 0.05 aiorograiBS tug} of crystalline toxin (llfi mouse IF 
LDso) lyophilized witOi Insnaa ma^xm ttUxadn and saline in 
small ait«>oa2.ea kept under vacujxB. aSiis preparation appears 
to be appropriate and reliadble is every respect for nwidiaal 
use in the treatment of strabisma in hisnans. Although the 
specific toxicity of ta»B oryBtalliae toxin of 3 x lo'^ inouse 
IP LDao per mg, or 1.5 ic 10^ liDso for the 0.05 wg in an 
ampoule, ^ops Esore than one log aariag filtration and lyo- 
philization, this 4rop is relatively constant frcan one prepa- 
ration to another and clx>se to 116 wpws& Wso ranadjns in the 
aiBpoale. For treatoent 0.64 ral or more, depending ^on the 
deae to he givm^ of sterile saline is introduced aseptlcally 
into the ais^nlet to disaolire the toxin and a water clear 
aolution is produced. A 0.1 ml of this solution, using an 
electronao»>grapMc needle, la injects into t3ie muscle, 
fi^perlenoe gadned hy Scott indicafiea that about 1 tnouae LDso 
Is a starting dcaa aa^d this Is ^repeated or increased acoording 
to the response of tha paldLeBil:. ^pen racovory the nmacle 
tends to stay in the pxotper peeltitm amd corrected cases, now 
over 2 years old, have reaa^ed so. fbe naximum time of 
paralysis occurs 4 or 5 days following the injection, and 
then gradually diminishes, dspendinf cm the dose. The tmximm 
oorrecticm of strt^itnims Ms been 20 degrees, mte inaxlnnBa 
follow-up follottinsF injeetiem is 6 tnonths. Tha reaults after 
tl» txeatanent of 43 casas in hnaans hava been reataxkably gooA 
and the sii«>Uclty of tM ts^ttsaest; definitely nalcas it an 
altematiim to surgery £or ths correction of atxabisimis. 
Details of the treatment are given in publications, by Scott 
(2) . One concern regarding this preparation is the presence 
of detoxified toxin In the peesence of active toxin. One 
iirjeotlcm hcwaver VKMiId detpeait less than one ng of detoKified 
toxin. iMs amount aaeias to be ineomeneptential am) prabaJ»ly 
insufficient to ilicit any «M»tlbo^ production, Xt leJMst 
detoxified toxin as^ars to have no observable affect 
injected IP or IV into mice and Dr. Scott has observed no 
effects on hianans. 

Although the preparation described above is, for all 
practical purposes, satlsfaotory for the treatfflent of stra- 
bisjBus, the ideal pr^arati«n for this treatiaent, or for an? 
other raedical use of the toxin would be one in which the full 
toxicity was maintained disBriag pr^aration and on long time 
storage. 

Stxaiies have been undertaken to aecom^lish the id;eal 
preparation. Chie of the purposes of this paper is to de~^ 
scribe some of the iB^iortant problems regarding the nature 
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and pxqpartias of tS» toxin that are involved in its pr^psra- 
ticja fc* tedicai use? that is the use of the toxin as a 
drug. SotuUnum toxija, like otbec proteins thak poasmB 
biological activity, such am wine eiuryneB^ poi»«ias«a its 
extrooe toxicity due to its comfoEnsticsiia atructaixe {3,43 . 
It is therefore detcHiified in soluticzi heirt, vmimm 
cJieniicals, dilution to low ooncentrationa , surface stasstching 
and surface drying, To make a preparation suitable for 
roadioal use it was neeesBazy to find msaxm to lareeffipce 
tojcicity aM donadiuratiatis nsre given to: {a) purity? (b) 
factsrs ±mol^ in aal^ngr « miable and atal>le |Hr<^ar&«ionii 
{e) sone data m dose responae in aninalsj and (d) i^rility 
of the pr^aiatlon. 

In regard to purity, the ci^talline toxin, v^n ult*a- 
centrifugatioR at pH 5.6 or below, i» a hoBugraieoBS sutistanoe 
of constant oMpOjKltiQn sad aetiTity. Froa the tt» tjwm^yi tw 
(5) fonaSHi tlud: tSss cxystayLline toxin could be dissociated 
into tjoadUii and Tmmmg^vitiatn by treating with r^ l^ood 
cells at p8 7.3 l^ere Yam }been a ^eetioa abenit Wm adMts- 
abtlity of using arystalline tratia in pl^siologifatl rfNnwxch 
beeaove of the .posiaible e«f eotai of the hMagtltxtial'n the 
aetioR of the neur&toxin. The aeparatioa of tiw iwoBBtOizin 
frMB h«iBafglutinin J)y |i3!5Psioa2. neans oldhere {6, 7 J im 
pedntBd o«fc the marked instability of the neurotoxin without 
the hemggiutinin (3) - It i» beUeved that the hMnagglutiniii 
is dissociated from the n«»irofcoxin in the body ««t«n «onsiiMied 
orally aM that the neuxotooclB only readies tlie ait» of 
«jtlon. When a solutioft of tt» cj*y«taHine toxin J* iajmdt&i 
directly into a muscle ho&i tito toxin and hemaggltttinin are 
present. The work of Scott <2) has not ii%Sieated «*ef mltee) 
side effects of the hefflagglutinln when the cryetalline feostin 
WBs injected into the extraocular muacle. An iapoetant 
point regardii^ the «s» of aie pujdtf led iwuroteadLa besldiaa 
its instabilitar is faet tbat it oannok be i^vpaxeS «tth 
ecsnstant cooQK^tian tmSL odbivlty, 

The stability s£ Wsm toxio in « pae^^atioa or it^tr rll 
use and its long time storage without loss of toxicity is a 
«rery iapartant factor if the doaia is to be xelieible. Cicya- 
tals of the toxin are stable fom several years wSien auspudid 
in 0.9 M aniDDsaim sulfate solutim and refrigerated. 
%Lspenaing a suepension of suoh axtriinely tcocio czyatals 
into unite of 10 ng i» not pxactdaM and cannot foe #>net 
iccarat»»ly. tor studies tharefiDxe have been directed tesfard 
She dewelopment of a suitable aediuia for solution of the 
lojdn tJiat would retain the specific toxicity over a reason- 
able length of tisoje, perhaps for 2 years. Tlaa specific 
:oxicity of the ca^stalline toxia in solution is 3 x lo'' 
House IP LOso ± 10% per usiof the white mice available in 
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our l^rat6ry. The specific toxicity vari^ with different 
kltii&B of mi£» and th^ conditions xmdiex wtildhi tbe ausaaj' is 
easrled outu m get arou»d tMB vaf la1d.oa and ecHtsistentljr 
prod«oe a wi£cHEm pmpaeation the oiystalline toxin KU9t be 
sie«8a3c6d its axtlnctlott eoe£fl«i«at o£ 1.^ for oae wq 
par ml at TTSm in a one cm light J»ath and nmst have a 2£0ifflt 
to 27aim aisisoEptioja ratio of 0.5S or less. Solutions of tlMS 
toxia at floi|G»ntratiQns of 2 mg or more per mi in 0.05 M 
acetate ijoffer at pB 4.2 aX0 staMe for Icmg pexlo&m, but 
dilution to wmh lower oaskcafitsrations resxtLts in its detoxi- 
ficatioa withlji a eOKHtt jp«eiJo4L of tine. Addition of other 
proteins sticli as gelatin or eftrum albumiit greatly helps to 
prtsv^nt detoslfitaatloa in dilute solution and the addition 
of gelatin la c^tomarily oade <e^en diluting the toxin fox 
the aeose assay. Him addition of protein to a solution of 
the tojcin at pH 4 to 4.5 was used for thB establishment of a 
referenoe standaa»a for the bioasm? of toocin ia fcodia aad 
body fluids fo* the Pood aM. Drag Aftailaistration (9), Foae 
t^fi pmptatatiM a soltitiem of cxjirstAiliiw toacin in 
aeatate bii£^ at pB 4.2 St a tfommtsfaiatiim ot 2 to 4 raq smi 
ill, aoawealMal^ ^tmmhmaL b? its absaictMmc« at 278inii, was 
dilate* to « coaMara*r«ti«« of 1 DO ng per ml with a 0.05 H 
sodium zradtate Imffiic at pH 4.2 contedniag 3 of bovitte 
sarun albumin and 2 mg of gelatin pes: ml* Wmn 0.5 oil of 
this solution waa sealed In 1 ml gl^^s aiqpoules and stored 
at xoan tea^tsrature^ tile toxicdty raggmijied at the original 
lavel of 2S0O mmo two yesxs btct epBuOmilt f«U off to 
aJbout XOBQ HBbo fst 50% wltibiA S y«tte». Swell a soiutitm 
SihoaM ism aatisfaeitoey fOr msdicitl use eaisejpt Bag the factfc 
that tite toxioit^ is destroyBd upon freezing an3 no assittaiice 
can be made against the possibility that it might be frozen 
in shipping and hamdling. Some recent preliaiinary tests 
Show that citrate buffcdrs at 4,S with gelatin aad sax^tn 
albmsLtt aaSem good stable aolotioi» Of that toxin at low 
ooncaatratioRS stored at 22'C car frosen at -20 •C. After 
them nicmths stsvage the toxin at thesa tenperaturas and a 
csjncentraticBt of 65 ng per «! showed no detectable loss. 
The toxin is also stable to freezing ia succinate or oxalate 
buffets {4>, 

Because a lyophilized preparation seened more practical 
for a wide variety of conditions we carried out lyophiliza- 
tion of crystalline toxin with gelatin and bovine serum 

in phosphate buffers at pH 6.2 and 6.8. These 
buffers were used because freezing did not destroy the 
toxin. However upon lyophilizatlon there was a certain loss 
in toKicity which aniounted to as much as one log or SO 
percent in cases, leaving only 10 percsnt of the toxin 
reiKiining with SO percent detoxified tcxin. Use of the 
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FJGIMB i. B&BB T9apOsas& of white mic& to tgpe A beftoliwm 
toxia. Sach aotam <ii&lletigei intrspexltommlly tdth tiM 
dose cEsatmiaadi la 9.S ml of 0.05 M sodium j^S^oajptam 1m££^ 
at jpB 6,3 casatMa^ 0.2% gmlMtio. QeadEis xaoaedeei ia a 9$ 
Jtoiir jwiedf. 



toxla in the phosphat»-pxot:ein buffers wovXd mafes a good 
preparation if kept fxosesi and used ismediately after tliawiii?. 
StaMlng at room tai««ratiiK« at pa 6.2 or 6,8 results in a 
^xadual loss of tcacioii^* m ax* nov investigating the a?a 
o£ a variaty of ditfetmt Bubstancee al«ag wltli protcdns 
such as some of the dexlxana fcap statailiaaition of the toxin 
during lyt^ilization. 

Hhe toxicity or dose zBsponae of crystalline toxirt for 
any Biedical use in hmmm mast be letarmined in each particu- 
lar case. Bcswewer aniaal eaqperiaaentatlon is indicative of 
the potency and native of the tojcin, the extrapolatim froo 
animal to man caisiot Im mmaa directly on a vieight h&ai», of 
course, but the m dose response in mice, as illttstrated is 
Figure 1, points out: tlis nature of a dose raaponsa oarva. 
"Sh&m data are baaad oft about 350 «Aiite mice weighing 18 to 
22 grains to incraases doses of tin crystalline toxin fxoa 
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O.ODl to 0.065 n3 coatained ia Q.5 aiX of a 0.j?5 M scNii^ 
gjKJ^hate iMf fer wLt4» wwm allbnals anS gelatin to 

balp staOsiUee the tcwin at meSa, diitttv conoentratlcsui. 
Bj»eit <3ofc CMtn tli» chars ei^aMata the peEennt daa4 mLm in a 
gsoGiP of t(H3^ and tlttt eoidxtnedl 3S dots s^sesent tratal of 
taiac** 8«$>«trat« trial* with IGO to 120 mice on each trial. 
SoBMS mice ahowea signa of ijotulism at al»ut 0.01 m to 
0.925 ag aJxnm ^ich deaths began, to apfeax. 'niose that did 
oat di« raoovtttM withia two to three wveks. A doae of 
0.065 and ahove killed aU nice la th«s« trials. At lM«t 
in onir mice $lgas of botvftiBm urtthoat diaath ooonvxed 1& flosn 
xtioe over a 2 to 3 foil doae and 1±» saae was true ovrht the 
period where death hegan to occur and where the dose killed 
all raica. 

Other anijstaXs have h^n used. A oolleotion of anijsal 
data of various ixnrestigatit^s by Saith (10) Indioatee that 5 
laouae Wbo will kill a 500 iram guinea pig by IP injection 
but 700 U>9Q were refuired htr the oaH route. BotuUsm and 
deat& oooQxred in wakoys 650 stoase I1D90 per kg of body 
•miisfiai hf IdUB oral route, mdma arm very raaistant to the 
toads sad SOtOOa laSQSe LDm WPa roptii^ pec kg lay TV 
iQjBstin i» eaasfl! ^ath «aai L.e x 10^ Ifiao by the oral 
xot^. DQ9« a^re also very xwKistant to the toadn. In oar 
l^gsoxa^toBtf asO#OQO tteuae ussaa of type a toxin per kg by oral 
rotttfi eanaed do deteotssble sifpis of hotailiaen, bat 500 LDso 
esQsed fsigaw of botalism Is^ I? injeotioa. She8« dogs had no 
aitiboaies o¥ othor toxin neiat£alizi.ag mOMtangea in their 
blood, iiEiat o£ the toxin pasand thsroufth 4^ iatiKBtinal 
txaefc iKittant abscMEitian and ms fiound in the faces. 

Com iapaetaai: ceatsesn is the asaaont of toxin to cause 
botiElllm In a peacBOs. inf onnation on thia point can only be 
<}9^kaim&f tmA mm has been collecte.d, frcBB accictental caKesi 
of f O i ftOtt t a g. EatiAates f rcn a va^ietjf of soxzrces (11} 
ijtdieate that Idw doae would be be^ieen 0.1 and 1 micMgram 
or sdaoifA 3^000 to 30«000 iwoose XUbo, bwt data oollcHsted hry 
SSnlth {10} txm variona inveatigafcora over the past €0 yeara 
indicated a dose as high aa 2SO,000 hy the oral route. Most 
of these data are of little value for cases ^ere the l^xin 
Dfotad be injected because they are based on the absorption 
of the toxin throt^ the aliaientary tract and this aaat»nit 
varies greatly fron person to person and £tam one aniUaal 
species to another. Bujectlon of the toxin and bypa^slnag 

alinentaty traot makes the response much more uniform. 
'Sha guinea pig appears to be the most sensitive aniaal to 
the toxin by IP injection that we know, if we asssBW a 
similar sensitivity for humans and 0,1 ng (2.S ino\jse IiOso} 
was injected there would be a safety factor of more than 
1000 and foar one ng (25 nonse LDso) * the highest amount u^d 
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by Sexstt, there «mld be a safety factor of mass timn 
vikieh is better tftaji most drug*. 

Jtoother safety factor to be considered is the sterility 
of the toadn preparation- Pasteurization heating toxin 
solatieois tsufferea at pH 4.2-4.8 in the prssenoe of gelatin 
or otater joroteins at 62*c for 30 minutft^ am tie aoei»aplla]asd 
without detectable loss of the toxicity bat heatingf at 0O»C 
for oaa niinute would destroy psraotically all of tJw toxin. 
AttuEoq^ts at ateriliasation of toadn solutions by tiltrafiltra- 
tion in our laboratory caused a 60 percent loss in the 
toxleii^. Sterilization tshe i^ldition of bactericidal 
siedaatances nay be the best a^^oach. Ttee fM? most iaportant 
functions of antiiRiorcdjial preservatives In pharmaceutical 
products are: (a) pirotecting the patient frcm microbial 
contamination; and (b) pxoventinf lo«8 of toxicity by oicro" 
bJlftl actloDo AccoKdin^ to tSui tHiiititii States SliaxAi^CKipeiJi. 
XVIIX maltipla dose oogn.«lii«AT« wmt eontaia a snitaMe 
substanoe to pzeraat the ^gcioiftia. of tti^aoarganisigs segtae$i&$m 
of the mei^hod of sterilization enpl^edi. itecaus* toiltlple 
dose containesa have the advantage of saving ffledicatij» m 
are inveatiffatlaf the effect of laam of the paxs^mm, orgmio 
nex'car:^ coeiiKninds (tiiitNScaal) and subetancsea Wm dhloaco- 
hejcidiittt on tte Issxisi ^^hbc^b^ i^jsng time tftssEwst^t 

Artoth^ poln^ timt stoaM ba oDnsldsinft hBXm ia tbut naffift 
of l±m toxin« vduLtS) of tmaeam being -Ute snvt lethal atA»tanee 
knoim, is scaring incteed to a patient. It is suggested that 
crystalline type A botqlii^ toxin to be used in medical 
practice be called OCXSJXXM nhidi is derived from the words 
oottlac and botuilnum. Othee bacterial |a»«tucts^ used in 
nadisine, have been daslgnaited by names in this nannec. 
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During the past decade, injectable botu- 
linum toxin has been used in ophthalmic and 
neurologic clinical practice as an unusual and 
effective form of therapy for involuntary 
movements and imbalances of muscle tone. 
This scientific and clinical technology, how- 
ever, still has significant imperfections, and 
further development in basic and clinical 
science is needed. Biologic activity standard- 
ization of the toxin using the mouse LD 50 
assay during the manufacturing process has 
been problematic with respect to reproduci- 
bility, issues of toxin antigenicity after re- 
peated injections remain unclear, and die 
most suitable injection methods are as yet un- 
determined. Such inconsistency can have sig- 
nificant implications on medicinal effective- 
ness and safety. Because of the pharmacologic 
importance of the preparation process, the 
first part of this article reviews the basic prin- 
ciples in drug preparation. Subsequent sec- 
tions discuss ophthalmic and neurologjc clini- 
cal studies. Critical review and understanding 
of toxin preparation can give physicians a 
basis for critical evaluation of the drug prepa- 
ration being used dinicsJly. 

BASIC SCIENCE OF 
BOTULINUM TOXIN 

Botulinum neurotoxins are produced by 
certain strains of the bacterial species Clos- 



tridium botulinum and Clostridium, baratii.^ 
The toxins are classified into seven serotypes, 
A through G. The botulinum neurotoxins 
comprise a family of pharmacologically simi- 
lar poisons that block acetylcholine release 
from peripheral nerves and cause a flaccid pa- 
ralysis. Type A botulinum toxin is the sero- 
type currently used in clinical practice. 



Toxin Purification and Properties 

History of Toxin Purification. The first 
recorded attempts to purify the type A toxin 
from culture were made in 1 928 by Snipe and 
Sommer™ at the Hooper Foundation at the 
University of California. They showed that 
90% to 95% of the toxin could be precipitated 
from a deep broth culture of C. botuUnum 
type A by the addition of acid to lower the pH 
to 3.5. About 20 years later, Lamanna et al™, 
starting with the precipitated toxin, obtained 
the type A toxin in crystalline form, and Duff 
et al** improved the method that is the basis 
for the procedures now used to purify toxin 
for use in the treatment of humans. Lamanna 
et al'* discovered that the purified toxin could 
be separated into nontoxic and toxic compo- 
nents when they found that a nontoxic compo- 
nent precipitated red blood cells, leaving tiie 
toxin in solution. Putnam et al«* showed that 
the crystalline toxin moved as a single sub- 
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stance in electrophoresis, with a molecular 
weight of 900,000. Wagman and Bateman*^ 
also showed that the toxin moved in the ultra- 
centrifuge as a single substance with a sedi- 
mentation coefficient of 19S and a molecular 
weight of 900,000 at pH 5.6, but at pH 7.3, 
the toxin component (neurotoxin) dissociated 
and moved as a much smaller molecule (7S). 
Later DasGupta and BorofiP^ showed that the 
neurotoxin could be separated from the non- 
toxic proteins by column chromatography. 

Properties of Crystalline Toxin and Neur- 
otoxin. The crystalline type A toxin contains 
16.2% nitrogen and, thus far, has been found 
to be composed of only biologically active 
amino acids^^-^" for both the neurotoxin and 
the nontoxic proteins. The isoelectric point of 
the crystalline type A toxin is pH 5.6. Under 
slightly acidic conditions, pH 3.5 to 6.8, the 
neurotoxic component of 150,000 Mr (molec- 
ular weight) is bound noncovalently to the 
nontoxic proteins in such a manner as to pre- 
serve or help stabilize the secondary and ter- 
tiary structure upon which toxicity is depen- 
dent. Under slightly alkaline conditions (pH 
greater than 7.1) and in the blood and tissues 
of animals and humans, the neurotoxin is re- 
leased from the toxin complex. The primary 
structure^'^* of the neurotoxin is such that the 
resulting shape (secondary and tertiary struc- 
tures) causes highly specific binding and 
block of acetylcholine release at the myon- 
eural junction. 

All of the neurotoxins are synthesized as 
intact protein molecules with a molecular 
weight of about 150,000 with low toxicity 
and are released from the bacterium during 
culture.** Those from proteolytic (Group I) C. 
botulinum strains are cleaved by extracellular 
proteases produced by the bacterium into di- 
chain molecules consisting of a heavy (H) sub- 
unit of about 1 00,000 MR and a light (L) sub- 
unit of about 50,000 Mr. The two chains are 
covalently linked by a disulfide bond and by 
noncovalent bonds. During cleavage the mol- 
ecules undergo a molecular change that in- 
creases toxicity.*" Nonproteolytic (Group n) 
C. botulinum strains do not have the endoge- 
nous nicldng protease, and their toxins are 
isolated from the culture as single-chain 
150,000 Mr molecules. Neurotoxins have 
been purified for all serotypes except for type 
G. The H and L chains of the neurotoxin can 
be separated after reduction by chromatogra- 
phy. The isolated chains are not toxic by 
themselves but can be ref»)mbined under 
carefully controlled conditions to active 



toxin.'*^'"*'^^ All of the neurotoxins have high 
specific toxicities ranging from 1 X 10' to 
1X10* mouse LD50 per milligram of pro- 
tein.82 

Little is known about the nontoxic proteins 
associated with the neurotoxin except that at 
least one has hemagglutinating properties. 
However, all apparently have a role in the 
stabihty of the neurotoxin because the type A 
toxin of high 19S sedimentation rate and 
900,000 molecular weight is most stable to 
digestive and metabolic enzymes.®^-®* The 
nontoxic proteins may also help to stabilize 
toxicity during the injection of toxin into 
human tissues, but no data are available that 
directly compare the efficacy of crystalline 
toxin and isolated neurotoxin. Unless a suit- 
able means of stabilizing the neurotoxin can 
be achieved, it is apparent that the crystalline 
toxin (neurotoxin bound to nontoxic proteins) 
must be the choice for treatment in humans. 

Because the toxic properties of the crystal- 
line toxin are due to its structural shape, it is 
readily detoxified by temperatures above 
40 °C and on high dilution (miUigrams to nan- 
ograms), which destroys the shape, particu- 
larly at pHs above 7. The loss caused by dilu- 
tion can be prevented by performing dilution 
with solutions containing a small amount of 
albumin or gelatin and by avoiding bubbles, 
which can lead to stretching and surface dena- 
turation.*^ 

Production and Purification of Type A 
Toxin for Treatment in Humans. The produc- 
tion of type A toxin by injection into muscle 
nervous tissue necessitates that the produc- 
tion in culture and the purification be per- 
formed so that the toxin is not exposed to sub- 
stances that might be carried through the 
process in trace amounts and cause undue re- 
actions in the patient. Johnson et al** have 
described aprocess in which the toxin produc- 
tion is carried out in culture medium com- 
posed of 2% hydrolyzed casein, 1% yeast ex- 
tract, and 0.5% dextrose in 1 2-L carboys. The 
culture medium contains no animal meat 
products of any kind, which could present an- 
tigenic hazards if slight amounts were carried 
through toxin preparation. Toxin production 
is done in this medium with a high toxin pro- 
ducing strain of C, botulinum and allowed to 
ferment at 37° C for 3 to 4 days or until the 
culture has attained maximum growth and the 
cells have lysed completely and liberated the 
toxin into the spent culture. 

The toxin is removed from the spent culture 
for further purification by precipitation with 
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acid, as indicated previously,^' forming a 
mud-like material about 1/100 of the culture 
volume containing the toxin. This mud-like 
precipitate is washed with water and the toxin 
extracted with salt solution weakly buffered 
with phosphate at pH 6.5 to 6.8. After an- 
other precipitation with acid, the toxin is pre- 
cipitated with ethanol at —5'C, similar to 
procedures used for the precipitation of cer- 
tain blood proteins. The final step in the puri- 
fication is crystallization of the toxin dissolved 
in a phosphate-buffered solution at pH 6.8 
with the addition of enough 4 M ammonium 
sulfate to bring the concentration to 0.9 M. 
Crystallization takes place within a few days 
at 4°C. During this process, the toxin is not 
exposed to any enzymes added to assist in the 
purification or to columns of synthetic resins 
or dangerous organic solvents of any kind. 
The toxin will remain stable and active for 
many years suspended in the ammonium sul- 
fate solution. 

The crystalline toxin, when dissolved in 
0.05 M sodium phosphate buffer at pH 6.8, 
has a maximum ultraviolet absorption at 278 
nm. The amount of absorption at 278 nm di- 
vided by 1.65, the extinction for 1 mg of 
toxin,®" yields the total milligram of toxin in a 
particular sample and in the entire prepara- 
tion. From this value the specific toxicity of 
the toxin per milligram is obtained by deter- 
mining the LD50 from the serial dilutions of a 
sample of the toxin that will kill 50% of a 
group of white mice.^* A good and acceptable 
preparation of the crystalline type A toxin 
must have a specific toxicity of 3 X 1 0' mouse 
LD50 per mg. Another important measure- 
ment on a preparation of the toxin used for 
human treatment is the absorption at 260 nm, 
which is a measure of the nucleic acid mate- 
rial carried over in the purification. The 260/ 
278 nm ratio is used as one measure or index 
of purity of the toxin. This ratio for the most 
highly purified type A toxin has been deter- 
mined to be close to 0.5, but the value is diffi- 
cult to attain even under the most careful puri- 
fication and repeated crystallization of the 
toxin. Preparations in our laboratory attain a 
ratio of 0.55 or slightly less and are consid- 
ered highly purified and should be good for 
human treatment. Even at a value of 0.6, the 
amount of nucleic acid-absorbing material 
would only be 0.08 to 0.1%. This ratio, along 
with gel electrophoresis analyses, defines the 
purity of the type A toxin used for human 
treatment. 

For human treatment, the crystalline toxin 



must be diluted from milligram concentra- 
tions to nanogram concentrations. To stabi- 
lize the toxin on such great dilution, small 
amounts of another protein such as gelatin or 
albumin are added to the saline solution used 
for dilution. This diluted toxin solution is fil- 
tered for sterility and dried by lyophilization 
in smaU vials for dispensing. Although drying 
helps preserve steriUty in case of contamina- 
tion, it also causes the inactivation of some of 
the toxin. A final mouse assay must be done 
for dosage purpose s and to meet FDA require- 
ments. 

Method of Assay. Because the immuno- 
logic properties of the neurotoxin are inde- 
pendent of its toxic properties, the only 
means to evaluate the effectiveness of the 
toxin for treatment in humans is by an animal 
assay for toxicity.*' The standardized mouse 
assay™ carried out with the Food and Drug 
Administration (FDA) reference standard 
should be used. Assays based on immunologic 
properties of the toxin yield active as well as 
inactive toxin and are not recommended for 
the toxin used in the treatment of humans. 



Toxicity in Humans 

Botulinum toxin is used clinically by injec- 
tion of 1 to 300 mouse units depending on the 
condition being treated. Obviously, it is im- 
portant that the dose injected be sufficiently 
low to prevent intoxication. Patients with ac- 
cidentfj botulism from toxin-contaminated 
food have shown symptoms of botulism and, 
occasionally, have died with 0.1 to 1 jug 
(100-1000 ng or 3000-30,000 mouse 
LD50 [MLD50 or Uj.^e.sT Scott and Suzuki^^ 
determined that the intramuscular LD50 for 
juvenile monkeys (Macaca fasdcularis) was 
approximately 39 mouse U/kg (approxi- 
mately 1.25 ng/kg) body weight. Herrero et 
al^^ reported a similar lethal dose of 40 U/kg 
by intravenous injection in Macaca rhesus. No 
data on the intravenous toxicity for humans 
are available for these types, but humans are 
probably at least as sensitive as guinea pigs 
and expectedly have similar sensitivities as 
monkeys. 



Immunology of Botulinum Toxins 

An important factor in the use of botulinum 
toxin as an injectable protein drug is the elici- 
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tation of antibodies and possibly other im- 
munities in treated inflividuals. The minimum 
dose of toxoid to elicit immunity in humans 
varies with the individual and toxoid prepara- 
tion*-^* but is probably similar to the immuno- 
logic response to tetanus toxoid.^* The 
amount of toxin needed to elicit antibodies is 
thought to be greater than the lethal dose for 
humans. Therefore, antibodies should not de- 
velop with current maximum treatment 
schedules (less than 300 U per treatment). 
However, if toxin is mishandled during its 
formulation and drying or during incorrect 
rehydration by physicians, inactive toxin 
(toxoid) will be formed, which could promote 
antibody formation. 

Botulinum toxin and antibodies against bo- 
tulinum toxin can be detected in sera from 
humans by in vitro assays using specific anti- 
toxins. One International Unit (lU) of anti- 
toxin will neutralize 10,000 mouse LD50 ex- 
cept for type E, for which 1 lU will neutralize 
1000 LD50. The method currently being de- 
veloped is the amplified enzyme-linked im- 
munosorbent assay (ELISA) (WH Lee, 1990, 
personal communication).^ By this method it 
is possible to measure 10 picograms or less of 
protein, including botulinum toxin and anti- 
bodies to botulinum toxin in human serum. 
The ELISA method is a linear and quantitative 
method with a sensitivity comparable to that 
of the mouse bioassay but differs from the 
mouse test in that it will detect some but not 
all forms of biologically inactive but ELISA- 
active botulinum neurotoxin. The ELISA also 
can be used to detect hemagglutinin A of the 
toxin complex. The major limitation in the 
amplified assay is the quality and behavior of 
the antibodies. As botulinum toxin therapy 
becomes more widely used, it may be neces- 
sary to have available highly specific and uni- 
form primary and secondary antibodies and 
possibly Fab' or F(ab)'2-labeled reagents as 
second antibodies to lower background color 
formation. 



Use of Other Types of Botulinum Toxin 

Seven primary serotypes of botulinum 
toxin (A-G) are recognized experimentally 
by the ability of polyclonal antibodies raised 
against one type to neutralize toxicity in the 
mouse assay. In patients in whom immunity to 
botulinum toxin type A develops, it may be 
necessary to use other serotypes of botulinum 



toxin, particularly types that do not immuno- 
logically cross-react. Cross-reactions have 
been detected between toxin types C and D*^ 
and between types E and F.^*-** However, 
larger quantities of antitoxin for one of the 
types may be required to neutralize much 
smaller doses of the other.^^ When prepared 
against pure toxoided neurotoxin, antisera 
generally contain a higher titer of antibodies 
that react with the heavy chain compared 
with the light chain-^®-^' 

The nontoxin components of some types of 
toxin complexes have been reported to be an- 
tigenically similar to nontoxic proteins of 
other serotypes.'*'''^* Antibodies obtained 
from a hemagglutinin fraction isolated from 
type A toxin complex reacted with nontoxic 
protein fraction of type B.*" Nontoxic pro- 
teins of types CI and D,'^ A and F, and E and 
pM,65 jjgjj were reported to be antigenically 
related or identical. 

Evidence has been found that various sero- 
types of botulinum neurotoxins bind to dif- 
ferent "receptors" and with different avidity 
on nerve termini. Competition binding stud- 
ies in vitro have indicated that different re- 
ceptors are involved in binding types A and 

B^2.45,91 p 58 F 88 



CLINICAL PHARMACOLOGY 

Botulinum A toxin has demonstrated 
unique pharmacologic properties as a neuro- 
muscular blocking agent. When injected into 
striated muscle, the toxin irreversibly blocks 
the release of acetylcholine and can sustain 
partial denervation for 3 to 5 months.* ''■^s.^^.ts 
Observed clinical effects from partial dener- 
vation include a reduction of the contractile 
force of the muscle, a decrease in muscle mass 
from fiber atrophy, and the reduction of 
spasm frequency and resting muscular tone. 
The degree of this eflFect is dependent on the 
. dose injected, i.e., more atrophy, weakness, 
and tone reduction result from higher doses. 
The pharmacologic efi^ect occurs by a three- 
step process beginning with the binding of a 
high molecular weight subunit of the toxin to 
receptors localized at the nerve terminals fol- 
lowed by endocytotic internalization of a 
low molecular weight subunit of the 
toxin . ^^'^*-^7' ™ Once internali zed, a low molec- 
ular weight subunit is responsible for the 
blockade of exocytotic release of neurotrans- 
mitter by a mechanism that remains elu- 
sive."*^-'*-^^ ™ Blockage of neurotransmitter 
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release begins to occur within minutes to 
hours. After 2 to 3 weeks, an extrajunctional 
spread of acetylcholine receptors and acetyl- 
dbolinesterase at the postsynaptic membrane 
is observed and indicates denervation.^-**''^^ 
Also, within several weeks, collateral axonal 
sprouts develop from preterminal motor 
axons followed by the e&^hshment of func- 
tioning neuromuscular junctions.****' Appar- 
ently, not all collateral axonal sprouts estab- 
lish neuromuscular junction. Some sprouts 
lead to "dead ends."**^ Within 3 to 4 weeks, 
atrophy of muscle fibers can be noted in a 
pattern similar to that in nerve transections. 
Figure 1 demonstrates the large degree of 
fiber size variability 6 weeks after botulinum 
toxin injection as compared with after saline 
controlled injections. Collateral sprouting 
and spreading of acetylcholinesterase has 
been demonstrated in muscles in humans 5 to 
6 weeks after injection with the toxin.^'^" 
After 10 to 12 weeks, evidence of denerva- 
tion recedes as muscle fiber size variability 
diminishes and extrajunctional acetylcholin- 
esterase staining decreases.^"-^* Biopsy speci- 
mens of human muscle taken at greater than 
6-month intervals after the last botulinum A 
toxin injection often show no evidence of ab- 
normalities in acetylchohnesterase staining 
pattern or muscle fiber size variability.^-^" 
The spread of the toxin from the point of in- 
jection produces a gradient of denervation 
within a specific geometric field.^* This 
spread is not necessarily confined by skeletal 
or fascial planes because histologic evidence 
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of denervation has been demonstrated in mus- 
cles contiguous to those injected.** 

Although botulinum A toxin can cause sub- 
stantial denervation, there has been no long- 
term adverse efiFect on muscle tissue after re- 
peated injections.®'** Fibrosis, contracture, 
or permanent denervation has not been ob- 
served in histologic studies of orbicularis 
oculi muscle biopsy specimens taken during 
ptosis surgery from patients who have re- 
ceived repeated injections. 



Resistance to the Toxin with 
Repeated Injections 

Because injections must be repeated in 
most diseases for which the toxin is applied, 
the possibility of active immunization to the 
drug is a potential limiting factor. Antibodies 
have been demonstrated in 7 of 79 patients 
treated for spasmodic torticollis who have re- 
ceived frequent injections at higher doses (C 
Hathaway, 1991, personal communica- 
tion).™ Antibodies were not found in a small 
number of patients treated for blepharospasm 
for a relatively short period of time. ^'^ Sensiti- 
zation, however, has occurred in small dose 
applications with repeated injections, such as 
for spasmodic dysphonia and occupational 
hand dystonias (C Hathaway, personal com- 
munication). The incidence of antibody for- 
mation in long-term therapy for blepharo- 
spasm or other applications is still unknown. 
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The long-established bioassay for antibod- 
ies to botulinum toxin (mouse assay) is identi- 
cal to that used in the evaluation of botulinum 
toxoid effectiveness. Patient serum is mixed 
with a standardized lest dose of botulinum 
toxin. The test dose is determined against a 
given quantity of antitoxin (C Hathaway, per- 
sonal communication). If neutralizing anti- 
bodies are present within the patient serum 
mixed with a botulinum test dose, the mice 
will survive the lethal injection of a predeter- 
mined toxin quantity. 

The presence of neutralizing antibodies 
within patient sera indicates active resistance 
and has been associated with the loss of effec- 
tiveness of repeated toxin injections (E John- 
son, personal communication). 



INDICATIONS 

Strabismus 

Strabismus was the first syndrome for 
which botulinum A toxin was extensively stud- 
ied. When injected into recti muscles, a tem- 
porary denervation results in muscle weaken- 
ing followed by an alteration of the position 
of the globe. For example, the patient 
shown in Figure 2 had undergone four 
previous operations for strabismus yet re- 
mained 45 to 55 prism diopters exotropic. 
After 5 lU of botulinum A toxin was injected 
into the left lateral rectus muscle, the devia- 
tion was reduced to 15 prism diopters after 2 
weeks. This patient demonstrated a substan- 
tial short-term benefit of the toxin injection. 
The long-term result of therapy appears to 
relate to the patient's fusion potential. The 
presence of relatively high fusion capability 
appears to stabilize and sustain alignment and 
is important to the ultimate success of this 
procedure and other surgical procedures. In 
children, an average of 68% improvement in 
esotropic deviation and 50% in exodeviation 
was noted based on a study of 356 pa- 
tients."^^-'^* In adults, a 65% improvement was 
noted in esotropia and a 6 1 % improvement in 
deviation with exotropia based on data accu- 
mulated by observing 677 patients for an 
average of 17 months.'^^"^'* Repeated injec- 
tions are common in all categories (45%).'^*'''^ 

Toxin injections have been used for the 
treatment of acute and chronic sixth nerve 
palsies.3o.«,55.62.73 Although there has been 
clear benefit as measured by the improve- 



ment in horizontal deviation, the effect is gen- 
erally not sustained unless there is active 
regeneration of the sixth cranial nerve. Tran- 
sient medial rectus weakness is temporary 
and recedes as medial rectus reinnervation 
occurs. The procedure, however, has been 
thought to improve the eventual ocular mo- 
tility by reducing the contracture forma- 
tion within the antagonistic medial rectus 
muscle that may occur over a several month 
period during the early course of sixth nerve 
palsies. Treatment with botulinum toxin may 
reduce the number of patients needing 
vertical rectus muscle transposition sur- 
gery,3o.49.5S.»a.73 perhaps by reducing this me- 
dial rectus contracture. In chronic sixth nerve 
palsy, the administration of toxin may be 
helpful in increasing the efficacy of conven- 
tional surgery on horizontal deviations.®* 

The disadvantages of the application of bo- 
tulinum toxin for strabismus include the com- 
mon need for more than one injection and the 
findings that the alignment is probably not as 
stable as that achieved with conventional sur- 
gery. Excess denervation can result in a tran- 
sient paralytic strabismus causing diplopia, 
and vertical deviation and transient ptosis are 
not uncommon (15% to 20%), and disap- 
pointing results have been reported in pa- 
tients with paralytic and restrictive forms of 
strabismus.''^*-'^* 

In summary, it is unlikely that botulinum A 
toxin will replace conventional surgical pro- 
cedures for strabismus as the primary form of 
therapy in the future. However, the applica- 
tion of toxin can be viewed as a helpful ad- 
junct to existing treatments. 

Technique. The toxin injection procedure 
requires the use of electromyographic signal 
generated from a Teflon coated injection nee- 
dle. This technique ensures that the needle is 
clearly within the appropriate muscle tissue. 
The needle is placed through the anesthe- 
tized conjunctiva, and the patient is asked to 
look to the right and left. As the electromyo- 
graph emits the signal as muscle tissue is im- 
paled, the surgeon is assured that the needle 
is correctly positioned within muscle tissue. 
This procedure necessitates some knowledge 
and understanding of simple electromyogra- 
phic equipment. Because globe perforations 
have occurred when this technique has been 
used, informed consent should be obtained. 
The potential for perforation and the rela- 
tionship between technique and treatment 
efficacy underscore the need for training. 
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Figure 2. A and B, Treatment of severe exotropia with lateral rectus injection of botulinum A toxin. 
A— Before injection; B— After injection. 
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Figure 3. A and B, Involuntary blepharospasm with other involuntary facial movement defines Meige disease. 




Figure 5. Hemifacial spasm with involuntary synchro- 
nous contractions of the muscles innervated by one facial 
nerve. 
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Essential Blepharospasm and 
Meige Syndrome 

Involuntary blepharospasm is defined as 
uncontrolled eyelid closure in the absence of 
primary ocular disease, such as keratitis or 
uveitis. The increased blinking or episodic 
spasmodic contractions. of the eyelids usually 
compromise vision. Frequendy, patients seek 
medical attention when driving or maintain- 
ing gainful employment becomes diflficult. In- 
voluntary movements are not just limited to 
the eyelids but may involve oAer muscles of 
the head and neck. This condition is termed 
Meige syndrome.^-'^'^-^-''^ Meige syndrome is 
characterized by involuntary blinking (essen- 
tial blepharospasm) plus involuntary facial 
grimacing, frowning, facial contortions, head 
titubations, spasmodic speech (spastic dys- 
phonia), and various forms of spasmodic torti- 
collis (Fig. 3A and B). This syndrome usually 
begins with blepharospasm as the presenting 
sign and progresses to other involuntary 
movements of the head and neck region in 
subsequent years. The age of onset is fre- 
quently in the fourth and fifth decade, and 
women are generally more commonly af- 
flicted (60/40). Patients with Meige syn- 
drome have a higher incidence of other family 
members with facial dyskinesia, bruxism, tor- 
ticollis, and essential tremor of the head and 
hand. The condition has been described in 
identical twins.'* Prior therapy for this condi- 
tion has included the use of neuroleptic drugs 
and various forms of facial neurectomy and 
myectomy surgery. "-^^ Neuroleptic medica- 
tion often lacks sustained efficacy^^ and 
occasionally results in serious systemic com- 
plications, including psychosis, urinary re- 
tention, lethargy, and gastrointestinal distur- 
bances. 

Although helpful, myectomy surgery is as- 
sociated with both surgical risks of hemor- 
rhage and potential facial disfigurement. 
Myectomy surgery also does not completely 
relieve symptoms of involuntary lid closure 
and often must be repeated.^^-^^ Facial neur- 
ectomy has also been associated with disfig- 
urement and the lack of eflficacy, and the need 
for repeated procedures is not uncom- 
mon. '^-^^ 

Injections of botulinum A toxin into orbicu- 
laris oculi muscle have proved to be eflFective 
in controlling various forms of blepharospasm 
and facial spastic disease. ^■^-^e-as.Ta-pjjg j^^j^, 
injected into 4 to 6 points along the orbicu- 
laris oculi muscle and results in partial dener- 
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vation over a 7- to 14-day period. The benefi- 
cial effect is generally maintained for a period 
of 1 0 to 1 4 weeks.6 ''■='«'29.72 x^^in denervation 
results in a reduction in both the frequency of 
blinking and intensity of spasmodic contrac- 
tions. Repeated treatments are almost always ^ 
necessary to maintain these therapeutic ac- 
tions. Because denervation of the injected 
muscle is partial, the patient retains a blink 
reflex that maintains a precorneal tear film 
and protects against exposure. 

The injection points are outlined in Figure 
4. Although these points have been derived 
empirically based on clinical observation, bo- 
tulinum toxin injection points appear to have 
bearing on the response and complication 
rate. Frueh et al^' have noted that lower lid 
injection, when placed medially, causes a 
higher incidence of diplopia. Presumably, the 
lower lid toxin injection can diflftise to the an- 
terioraily positioned inferior oblique muscle 
to induce paralytic strabismus. The upper lid 
injection also should be positioned close to 
the lash line along the medial and lateral ex- 
tent of the upper lid. These upper lid injec- 
tion positions a£Ford the greatest distance be- 
tween the orbicularis oculi muscle injections 
and the muscular portion of the antagonist 
levator palpebrae superioris muscle. Toxin 
diffusion into the muscular portions of the le- 
vator muscle from upper lid injections can 
result in transient ptosis. Toxin-induced 
ptosis may persist several weeks to several 
months after injection- Multiple injection 
points over orbicularis muscle have been 
compared to single motor point injections,* 




Figure 4. Usual injection points (x) for botulinum A 
toxin used to treat Meige syndrome. 
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From clinical observation, it appears the sin- 
gle motor point injections are inferior to mul- 
tiple injections throughout this muscle. The 
reason may be that the innervation zone (dis- 
tribution of neuromuscular junctions) is dif- 
fuse for this muscle.* Selective chemodener- 
vation of the orbicularis oculi is the goal in the 
treatment of blepharospasm, and factors such 
as anatomic location and the injection of mul- 
tiple points appear to be important factors in 
achieving this goal. 

To date, patients have been treated with 
repetitive injections of botulism toxin for up 
to 7 years. Analysis of specimens taken during 
eyelid surgery for myectomy or ptosis does 
not provide evidence of long-term abnormali- 
ties in muscle fiber histology, provided that 
injections are not administered for 4 to 5 
months before a muscle biopsy." Further- 
more, no adverse long-term effects have been 
demonstrated in clinical studies." 

The toxin also has been used successfully in 
conjunction with myectomy surgery for re- 
ducing the degree of surgery necessary to 
sustain beneficial effects.^ 

In addition to diplopia and ptosis, compli- 
cations have included lid malpositions 
(< 2%), lagophthalmos with exposure (<5%), 
and lid hematoma from injection. 



Hemifacial Spasm 

Hemifacial spasm is characterized by invol- 
untary synchronous movement of muscles 
supplied by a single facial nerve. The ob- 
served involuntary eyelid closure is asso- 
ciated with other facial muscle contractions 
drawing the nasolabial fold superiorly, evert- 
ing the lateral lower lip (Fig. 5). Patients often 
find this condition extremely disfiguring and 
functionally incapacitating. Normal facial ex- 
pressions used in daily communication be- 
come interrupted by these involuntary move- 
ments. Unlike Meige syndrome, hemifacial 
spasm is a unilateral form of facial dyskinesia, 
with bilateral cases being very rare. These pa- 
tients will often demonstrate weakness on the 
side in which the involuntary movements are 
occurring. Electromyographic studies have 
indicated denervation within the involved fa- 
cial muscles of these patients,^" A demyelina- 
tion theory has been proposed to explain the 
cause of this condition. Based on electromyo- 
graphic data,^^ it is thought that demyelina- 
tion occurring within the intracranial portion 
of the seventh cranial nerve results in an ec- 
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topic site of excitation that propagates in an 
antegrade fashion with ephaptic transmis- 
sion. This theory is consistent with the clinical 
findings of facial nerve weakness and synchro- 
nous involuntary contractions seen in these 
patients. Tortuous vessels at the base of the 
brain pressing on the facial nerve are impli- 
cated as a cause of this condition and repre- 
sent a surgically correctable lesion.^" 

Treatment with neuroleptic medications 
has been totally ineffective. Jennetta et al'*^ 
have proposed the use of posterior craniot- 
omy with decompression of tortuous vessels 
away from the intracranial portion of the sev- 
enth nerve. Although the neurosurgical pro- 
cedure has proved effective in some in- 
stances, patient and physician acceptance of 
this procedure is poor because the potential 
complications from neurosurgery are com- 
monly considered unacceptable. 

Botulinum A toxin has proved effective in 
relieving spasms in more than 95% of patients 
studied."'^ The toxin is injected into the usual 
points along the orbicularis oculi muscle, as 
well as into an additional point over the supe- 
rior portion of the zygomaticus major and 
minor muscles. The total dose, however, 
tends to be less than that required for essen- 
tial blepharospasm, probably because this 
condition is already associated with denerva- 
tion. Generally, 10 to 20 lU represents a rea- 
sonable starting dose. The average duration 
of action is 5.1 months, distinctly longer than 
that for essential blepharospasm or Meige 
syndrome. Lagophthalmos and exposure ker- 
atopathy are also distinctly more common in 
these patients. Long-term management of 
these patients has been possible with re- 
peated injections. Other than transient expo- 
sure and ptosis, complications are uncom- 
mon. Most patients find this approach more 
acceptable than craniotomy. 

Spasmodic Torticollis (Twisted Neck) 

Adult-onset spasmodic torticollis^^-^*-^^**'^ 
represents a form of cervical dystonia charac- 
terized by involuntary contractions with an 
abnormal increase in cervical muscle resting 
tone (Fig. 6). Although it usually presents as 
an isolated syndrome, this disorder may de- 
velop in patients diagnosed with essential 
blepharospasm or Meige syndrome. Spas- 
modic contractions can lead to posture defor- 
mity, cervical pain, decreased active range of 
motion of the head, varying amplitudes of 



500 Gary E. E 

head tremors, and noticeable hypertrophy 
within the sternomastoid, splenius capitis and 
cervicis muscles, levator scapulae, trapezius, 
and scalene muscles. Routine activities often 
become difficult, and persisting disfigure- 
ment and chronic pain impair the normal life- 
style. 

Prior therapy has included the use of neuro- 
leptic medicines and various forms of dener- 
vation surgery. Unfortunately, these thera- 
peutic measures often fail to provide a 
sustained beneficial response. Complications 
of surgery include lack of efficacy, weakness 
from paralysis, and disfigurement. 

Botulinum A toxin injections have provided 
a substantial therapeutic resource for this pa- 
tient population. ^^•'^■^^•^^ In preliminary stud- 
ies, relief of pain has been noted in 82% of 
patients, as well as improvement of posture 
deformity (70%), increased range of motion 
(76%), and reduction in visible hypertrophy 
(85%).^* The major complication of therapy 
has been dysphagia." Retrospective and pro- 
spective clinical studies have indicated, how- 
ever, that dysphagia may be related to dose 
and the injection strategy used. This compli- 
cation is significant because dysphagia has 
been associated in several patients with upper 
airway obstruction after swallowing large 
pieces of meat. The incidence of this compli- 
cation has been reduced by limiting the dose 
given to the sternocleidomastoid muscle. 

Because spasmodic torticollis represents a 
disease of the coordination centers within the 
central nervous system, multiple muscles of 
the neck at remote locations are involved. To 
achieve a higher degree of efficacy, multiple 
muscle injections are necessary. Prospective 
clinical data have recently indicated that the 
technique of multiple injection points per 
muscle is superior to a single injection per 
muscle (Table 1). A subclassification of the 
various patterns of cervical muscular involve- 
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ment may prove helpftil in formulating an in- 
jection strategy for each patient.^'' Four sub- 
types of spasmodic torticollis have been 
described based on posture deformity and the 
pattern of dystonic muscle involvement to fa- 
cilitate toxin administration.^^ 

EflFective treatment of this disorder re- 
quires higher dose administration than in the 
management of Meige's disease and blephar- 
ospasm and has been associated with the de- 
velopment of immunologic resistance to the 
toxin. Neutralizing antibodies in these pa- 
tients appear to render the botulism toxin in- 
effective. 



Other Applications 

Other diseases with pathophysiology in- 
volving involuntary spasmodic contractions 
that have been studied under clinical proto- 
cols include occupational hand dystonia (writ- 
ers cramp, musicians dystonia),^^ spasmodic 
dysphonia,^^ neurogenic bladder from spas- 
modic contraction of the external urethral 
sphincter,*^ adductor leg spasms from multi- 
ple sclerosis, and jaw dystonia.'* Efficacy has 
been demonstrated in each of these condi- 
tions. Further clinical studies of long-term 
management of many of these conditions are 
in process. 



CONCEPT OF DENERVATION FIELD 
AND INNERVATION ZONES 

Because the primary mode of action of bo- 
tulinum toxin involves partial denervation 
within a given muscle region and because 
most complications to date have involved un- 
desirable difihision of the toxin to contiguous 
regions, methods for focusing the denerva- 
tion zone would be clinically helpful. Scott*^ 



Table 1. hesponae Bates to Bottdi$mm Toxin for Spasmodic TorttcoUia Comparing Single- and Multiple- 
Point Injection Strate^ 
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151 




Pain 


15/31 


27/31 


P< 0.002 


Posture deformity 


13/42 


33/44 


P< 0.001 


Range of motion 


15/39 


33/44 
29/38 


P< 0.001 


Activity 


13/39 


P< 0.001 


Muscle hypertrophy 


27/39 


34/44 


P= 0.330 


Tremor 


4/17 


9/17 


P- 0.080 
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proposed the use of antitoxin to contain 
"toxin jump. " Another approach to this prob- 
lem is the development of an injection proto- 
col that is based on a defined denervation 
field produced by a unit quantity of the toxin. 
The denervation field can be defined by mea- 
surement of extrajunctional spread of acetyl- 
cholinesterase and careful quantization of 
muscle fiber size variability.^^ Such future 
work may be useful in improving the results 
obtained with this valuable therapeutic 
agent. Furthermore, a greater understanding 
of the distribution of anatomic innervation 
zones (neuromuscular junction maps) within 
various muscles may be useful in planning 
therapeutic injections. 



CONSISTENCY OF 
BIOLOGIC ACTIVITY 

As just indicated, containment of toxin ef- 
fect is important for a safe, effective, and con- 
sistent clinical response. Recently, because of 
variations in biologic activity in the product 
distributed by the current supplier (Aller- 

fan), the FDA has not approved several 
atches of the material for medicinal distribu- 
tion. Thus, an interruption in drug availability 
in the United States has occurred. Because 
"toxin jump" is a major phenomena resulting 
in complications (e.g., ptosis, dysphagia, di- 
plopia), consistent standardization of biologic 
activity is critical in the evolution of this tech- 
nology. 



SUMMARY 

Botulinum A toxin has been useful alone or 
as an adjunct for the treatment of strabismus, 
facial dyskinesia, spasmodic dysphonia, and 
spasmodic torticollis. Its efficacy seems to be 
improved by careful anatomic placement of 
the injections and the use of multiple injec- 
tion protocols. Side effects are regional and 
appear to be related to unwanted toxin diffu- 
sion. Defined denervation zones as a func- 
tion of the unit dose of the toxin and further 
knowledge of innervation zones of muscles 
may be useful in the design and the develop- 
ment of more efficacious treatment strate- 
gies. Consistent standardization in the bio- 
logic activity within the vials represents a 
current manufacturing problem that necessi- 
tates further research. 
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